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BALLROOMS VI-VIH

8:25am-8:30am
Opening Remarks

BALLROOMS VI-ViII

8:30am10:00am
UMA e High-Speed Devices and Circuits
T. C. L. G. Sollner, Massachusetts Institute of Technology, Presider

8:30am (Invited)

UMAT e Trends in ultrafast optical devices and transmission sys-
tems, John E. Bowers, UC-Santa Barbara. Recent trends and ad-
vances in high speed lasers, modulators, photodetectors, receivers
and transmission systems will be highlighted. Electronic limitations
to higher bit rate time division multiplexed systems will also be
discussed. (p. 2)

9:00am (Invited)

UMA?2 e Diode laser structures for high-speed direct modulation
and monolithic multiwavelength transmitter OEICs, ). D. Ralston,
Fraunhofer-Institut fiir Angewandte Festkérperphysik, Germany.
High-speed (f335 > 30 GHz) low-drive-current (l33¢1, = 65 mA)
InGaAs/GaAs MQW lasers have been developed, along with fabri-
cation processes for monolithic multiwavelength transmitter OEICs.

(p. 5)

9:30am

UMAS3 e Submicron Schottky-collector AlAs/InGaAs/InP resonant
tunnel diodes, M. Reddy, M. J. Mondry, M. J. W. Rodwell, UC-
Santa Barbara; S. C. Martin, R. E. Muller, R. P. Smith, Jet Propulsion
Laboratory; D. H. Chow, J. N. Schulman, Hughes Research Labora-
tories. We report the fabrication, DC, and microwave characteris-
tics of submicron Schottky-collector AlAs/Ing 53Gag 47As/InP resonant
tunnel diodes with an estimated maximum frequency of oscillation
frax = 2.2 THz. (p. 8)

9:45am

UMA4 ¢ Ultrahigh-speed superconductor digital circuits, V. K.
Semenov, SUNY-Stony Brook. | will review recent progress in de-
velopment of rapid single-flux-quantum integrated circuits, capable
of operating at frequencies in excess of 100 GHz. (p. 11)

BALLROOM FOYER

10:00am-10:30am
" Coffee Break

BALLROOMS VI-VIII

10:30am-12:15pm
UMB e Ultrafast Carrier Dynamics and Transport
Hiroyuki Sakaki, University of Tokyo, Japan, Presider

10:30am

UMBT e Identifying the distinct phases of carrier transport in semi-
conductors with 10-fs resolution, B.B. Hu, E. A. de Souza, W. H.
Knox, J. E. Cunningham, M. C. Nuss, AT&T Bell Laboratories. A
nonlinear terahertz technique with 10 fs resolution for the first time
to our knowledge, resolves the primary transport processes in semi-
conductors: creation of polarized electron-hole pairs, ballistic trans-
port, and velocity-overshoot. (p. 14)

MONDAY
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10:45am

UMB?2 ¢ Coherent charge oscillations in bulk GaAs, Arthur L. Smirl,
W. Sha, Shekhar Patkar, Univ. lowa; W. F. Tseng, NIST-Gaithersburg.
Ballistic transport in bulk GaAs in the presence of a constant built-
in field is observed to produce coherent electron-hole charge oscil-
lations on subpicosecond time scales. (p. 17)

11:00am

UMB3 * How do carrier—carrier interactions in GaAs depend on
the carrier distribution?). A. Kash, IBM T. J. Watson Research Cen-
ter. Carrier—carrier scattering in GaAs is experimentally shown to
be several times faster for a hot, nonequilibrium-plasma than for a
cooler, thermalized plasma of the same density. (p. 20)

11:15am

UMB4 ¢ Ultrafast hole tunneling in GalnAs/AllnAs asymmetric
double quantum wells, S. Ten, B. P. McGinnis, G. Khitrova, N.
Peyghambarian, Univ. Arizona; M. F. Krol, M. J. Hayduk, USAF Rome
Laboratory. We report the first experimental and theoretical evidence
to our knowledge of subpicosecond hole tunneling in GalnAs/AlinAs
asymmetric double quantum wells. Our experimental results indi-
cate that holes generated with high momentum tunnel faster than
the intrasubband relaxation time. These results are consistent with
an alloy scattering model of hole tunneling. (p. 23)

11:30am

UMBS e Hole relaxation in p-type InGaAs/AlGaAs quantum wells
observed by ultrafast mid-infrared spectroscopy, Z. Xu, P. M.
Fauchet, G. W. Wicks, Univ. Rochester; C. W. Rella, B. A. Richman,
H. A. Schwettman, Stanford Univ. The hole relaxation time in p-
type strained Ing sGag sAs/Alg sGag sAs quantum wells is measured
by resonant pump-probe transmission experiments performed with
a mid-infrared free electron laser. (p. 26)

11:45am

UMB6 e Time-resolved photocarrier decay for mid-infrared mate-
rials with excitation correlation, Alan Kost, Linda West, T. C.
Hasenberg, D. H. Chow, Hughes Research Laboratories. Excitation
correlation is used to time-resolved photocarrier decay for a GalnSb/
InAs Type Il superlattice with a band gap in the mid-infrared. (p. 29)

12:00m

UMB?7 » Arsenic-ion-implanted GaAs as an ultrafast photo-
conductor, H. H. Wang, J. F. Whitaker, Univ. Michigan; H.Fujioka,
UC-Berkeley; Z. Liliental-Weber, Lawrence Berkeley Laborat
One-picosecond photoconductive lifetimes with strong bias depe,
dence were measured in semi-insulating, arsenic-implanted GaAs.
Arsenic precipitates found in the annealed material invite compari-
sons to low-temperature-MBE (molecular beam epitaxy) GaAs.

(p. 32)

12:15am-1:30pm
Lunch Break




BALLROOMS VI-VIII

1:30pm-2:45pm
UMC e« All-Optical Switching
Jay M. Wiesenfeld, AT&T Bell Laboratories, Presider

1:30pm (Invited)

UMCT e All-optical signal processing technology in 100 Gbit/s
optical TDM transmission, Masatoshi Saruwatari, NTT Optical Net-
work Systems Laboratories, Japan. Recent advances in all-optical
time-domain signal processing technologies are reviewed focusing
on their performances and applications to 100 Gbit/s optical TDM
transmission. (p. 36)

2:00pm (Invited)

UMC2 e Ultrafast wavelength conversion and switching by four-
wave-mixing in semiconductor laser amplifiers, R. Ludwig, W.
Pieper, R. Schnabel, H. G. Weber, Heinrich Hertz Institut Berlin,
Germany. Experiments based on femtosecond gain-dynamics in SLA
are reported: wideband wavelength conversion, fast switching for
demultiplexing, and compensation of pulse distortions by optical
phase conjugation. (p. 39)

2:30pm

UMC3 ¢ Picosecond all-optical switching of a quantum well etalon
using spin-polarization relaxation and electron tunneling, Yuji
Nishikawa, Atsushi Tackeuchi,Satoshi Nakamura, Shunichi Muto,
Naoki Yokoyama, Fujitsu Laboratories Ltd., Japan. With the use of
the spin-polarization relaxation in a quantum well etalon, optical
full switching is achieved with a decay time of 7 ps. (p. 42)

BALLROOM FOYER

2:45pm-3:15pm
Refreshment Break

BALLROOMS VI-VIII

3:15pm-5:00pm
UMD, High-Speed Testing
Chi-Hsiang Lee, University of Maryland, Presider

3:15pm (Invited)

UMD1 o Electro-optic testing of ultrafast electronic and optoelec-
tronic devices, Tadao Nagatsuma, NTT LS/ Laboratories, Japan. This
paper describes the recent development in electro-optic measure-
ment techniques for characterization and diagnosis of ultrafast elec-
tronic/optoelectronic devices and their application results. (p. 46)
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3:45pm

UMD?2 « Electro-optic sampling of picosecond photoresponse of
epitaxial YBa,Cu30; ;5 thin films, Frank A. Hegmann, Steven H.
Moffat, Robert A. Hughes, John S. Preston, McMaster Univ., Canada;
Douglas Jacobs-Perkins, Chia-Chi Wang, Thomas Y. Hsiang, Roman
Sobolewski, Univ. Rochester. Photoresponse transients with widths
as short as 2 ps are observed for the first time from superconducting
YBa,Cu;0,.5 transmission line structures using electro-optic sam-
pling techniques. (p. 49)

4:00pm

UMD3 e Optoelectronic phase tracking and electro-optic sampling
of free-running microwave signals up to 20 GHz in a laser-diode-
based system, Gong-Ru Lin, Ci-Ling Pan, National Chiao Tung Univ.,
China; Hsiao-Hua Wu, Tunghai Univ. China. A laser-diode-based
system is developed for optoelectronic phase-tracking and sampling
of free-running microwave signals up to 20 GHz. (p. 52)

4:15pm

UMD4 e Airbridges for slotline mode suppression in terahertz co-
planar waveguide, N. de B. Baynes, M. M. Ahmed, J. R. A. Cleaver,
Univ. Cambridge, UK;J. Allam, K. Ogawa, Hitachi Europe Ltd., UK.
Airbridges microfabricated using electron beams were shown to
suppress slotline modes in coplanar waveguides for bandwidths ap-
proaching 1 THz, with minimal parasitic effects on propagating
pulses. (p. 55)

4:30pm

UMD e First direct observation of single-flux-quantum pulses,
Douglas Jacobs-Perkins, Marc Currie, Chia-Chi Wang, Roman
Sobolewski, Marc J. Feldman, Thomas Y. Hsiang, Univ. Rochester.
A cryogenic, electro-optic sampler provides the first experimental
measurement of the temporal evolution of single-flux-quantum volt-
age pulses having 0.67 mV height and 3.2 ps width. (p. 58)

4:45pm

UMD6  Optoelectronic characterization of RTDs, T. Nagatsuma,
N. Shimizu,T. Waho, M. Shinagawa, NTT LSI Laboratories, Japan.
Optoelectronic techniques are described for accurately measuring
the switching time of ultrafast resonant tunneling diodes (RTDs).
Their application to InGaAs/AlAs RTDs is also presented. (p. 61)

BALLROOMS VI-VIII

5:00pm-6:00pm
Postdeadline Paper Session
6:00pm-7:30pm

Conference Reception




BALLROOMS VI-VIii

TUESDAY
MARCH 14, 1995

BALLROOMS VI-Vill

8:15am-10:00am

UTuA e Ultrafast Sources

Gadi Eisenstein, Technion Israel Institute of Technology, Israel,
Presider

8:15am (Invited)

UTuAT1 e Short-pulse optical power supplies for ultrafast optoelec-
tronics applications, W. H. Knox, AT&T Bell Laboratories. We dis-
cuss recent developments in compact sources of ultrashort optical
pulses and discuss the implications for high-speed and low-speed
optoelectronic systems. (p. 66)

8:45am

UTuA2 e Ultrafast semiconductor laser diode seeded Cr:LiSAF re-
generative amplifier system, Peter ). Delfyett, S. Grantham, K. Gabel,
A.Yusim, S. Gee, M. Richardson, Univ. Central Florida; G. Alphonse,
). Connolly, David Sarnoff Research Center. An ultrafast semicon-
ductor laser has been used to seed a flashlamp-pumped Cr:LiSAF
regenerative amplifier system, producing subpicosecond pulses with
millijoule pulse energy. This system has the potential to eliminate
argon-pumped-based ultrafast laser systems. (p. 69)

9:00am

UTuA3 » Wavelength division multiplexing with femtosecond
pulses, E. A. De Souza, M. C. Nuss, W. H. Knox, D. A. B. Miller,
AT&T Bell Laboratories. The 3.7-THz spectral bandwidth of a single
85-fs laser source is used to demonstrate 16-channel wavelength
division multiplexing with a linear modulator array. (p. 74)

9:15am

UTuA4 e Determination of linear and nonlinear chirp parameters
of gain-switched diode laser pulse using short time Fourier trans-
form, H.Takeshita, M. Tsuchiya, T. Kamiya, Univ. Tokyo, Japan. We
present a novel approach to determine linear and nonlinear chirp
parameters using spectrally resolved streak camera images and best
fit procedure with short time Fourier transform scheme. (p. 77)

9:30am

UTuA5 e Carrier dynamics of gain-coupled and index-coupled
InGaAs/InGaAlAs quantum well DFB lasers, ). Kovac, H. Schmidt,
C. Kaden, H. P. Gauggel, V. HofsaB, J. Kuhn, H. Schweizer, Univ.
Stuttgart, Germany; A. Hase, H. Kinzel, Heinrich-Hertz-Institut
Berlin GmbH, Germany; H. Hillmer, Deutsche Bundespost Telekom,
Germany. Dynamics of gain-and index-coupled distributed feed-
back (DFB) lasers has been investigated. Variation of the laser emis-
sion energy by detuning the DFB grating periods yields a change of
the modulation pulse widths from 53 to 4.5 ps. (p. 80)

9:45am

UTuA6 e Ultrafast low-temperature-grown-GaAs photomixers, K.
A. Mclntosh, E. R. Brown, K. B. Nichols, O. B. McMahon, K. M.
Molvar, W. F. DiNatale, T. M. Lyszczarz, MIT Lincoln Laboratory.
Abstract not available. (p. 83)

BALLROOMS IV-V

10:00am-10:30am
Coffee Break

10:30am-12:00m
UTuB » High-Speed Communication Systems
John E. Bowers, University of California-Santa Barbara, Presider

10:30am (Invited)

UTuB1 e Fast SiGe-heterobipolar transistors for communication
systems, Andreas Schiippen, Daimler Benz AG, Germany. SiGe-HBTs
were investigated with respect to wireless communication systems.
fr and f,, values of 116 GHz and 120 GHz, respectively, and a
noise figure of 0.9 dB with 6dB associated gain at 10 GHz were
obtained. (p. 88)

11:00am (Invited)

UTuB2 » 20 Gbit/s optical transmission systems with monolithic
IC technologies, Tetsuyuki Suzaki, NEC Corp., Japan. Si-ICs with
SiGe-base, and AlGaAs/GaAs-HBT ICs with hetero guard-ring struc-
ture have been developed for 20-Gbit/s optical transmission sys-
tems. A fully-regenerating 20-Gbit/s optical repeater with the ICs
have been successfully demonstrated. (p. 91)

11:30am (Invited)

UTuB3 ¢ Diode multiplexer/demultiplexer ICs for 100 Gbit/s fi-
ber-optic transmission, R. Pullela, U. Bhattacharya, S. T. Allen, M.
J. W. Rodwell, UC-Santa Barbara. We report diode integrated cir-
cuits for multiplexing and demultiplexing at 100 Gbit/s. The ICs
consist of an array of four sample-hold gates driven by nonlinear-
transmission-line (NLTL) strobe generators. Initial measurements with
104 Gbit/s operation are demonstrated. (p. 94)

12:00m-1:30pm
Lunch Break

BALLROOMS VI-VIlIl

1:30pm-3:15pm

UTuC » High-Frequency Electronics: Devices and
Applications

Loi Nguyen, Hughes Research Laboratories, Presider

1:30pm (Invited)

UTuC1 ¢ Device and system technologies for microwave wireless
applications, Y. K. Chen, R. Hamm, D. Humpbhrey, R. Kopf, }. Kuo,
J. Lin, J. Lothian, R. Malik, F. Ren, R. Ryan, A. Tate, }. Weiner, D.
Sivco, A. Cho, AT&T Bell Laboratories. In the past decade, the im-
provement in the integration level and production yield of the llI-V
devices and ICs has bred a new generation of front-end MMICs and
baseband signal processing ICs for high-speed multimedia trans-
mission. The impact of these high speed devices on the high-speed
microwave communication link is addressed. (p. 98)

2:00pm (Invited)

UTuC2 e Opportunities of Si USLI Technology for GH applica-
tions, Jack Y.-C. Sun, IBM Research Division and Microelectronics
Division. The opportunities and challenges of Si-based ULSI tech-
nologies for high-speed low-power data processing and wireless
communication applictions will be addressed with special empha-
sis on bulk Si, SOI, and SiGe CMOS and bipolar devices. (p. 99)

vii




2:30pm

UTuC3 » Schottky-collector heterojunction bipolar transistors:
device scaling laws for f,,,, beyond 500 GHz, U. Bhattacharya, M.
J. Mondry, G. Hurtz, I. Tan, R. Pullela, M. Reddy, ). Guthrie, M. J. W.
Rodwell, J. E. Bowers, UC-Santa Barbara. We propose the Schottky-
collector heterojunction bipolar transistor. By scaling to submicron
dimensions, f,,, should exceed 500 GHz. (p. 102)

2:45pm

UTuC4 « Monolithic integration of low-temperature-grown GaAs
and high-mobility 2DEG for ultrafast photonic circuits, ). Allam, K.
Ogawa, A. P. Heberle, Hitachi Cambridge Laboratory, UK; N. de B.
Baynes, ). R. A. Cleaver, Univ. Cambridge, UK; T. Mishima, |. Ohbu,
Hitachi Ltd., Japan. A two-dimensional electron gas (2DEG) with
high mobility was grown on a low-temperature GaAs layer with
=0.5 ps carrier lifetime, for ultrafast photonic circuit applications.
(p. 105)

3:00pm

UTuC5 » Manufacturable 200-GHz, low noise P*-GalnAs/N-AlinAs/
GalnAs JHEMT technology, ). B. Shealy, U. K. Mishra, UC-5anta
Barbara; T. Y. Liu, M. A. Thompson, L. D. Nguyen, Hughes Research
Laboratories. High-frequency, low-noise junction-modulated high-
electron-mobility transistor (HEMT) technology is demonstrated with
uniform threshold voltage characteristics. Submicrometer gatelength
devices yielded high gain and state-of-the-art noise performance.
(p. 108)

BALLROOMS IV-V

3:15pm-3:45pm
Refreshment Break (Poster Preview)

BALLROOMS VI-VIII

3:45pm-5:30pm
UTuD e Terahertz Dynamics
Dan Grischkowsky, Oklahoma State University, Presider

3:45pm (Invited)

UTuD1 e Probing terahertz dynamics in semiconductor
nanostructures with the UCSB free-electron lasers, S. James Allen,
UC-Santa Barbara. Terahertz relaxation in resonant tunneling di-
odes and photon assisted tunneling in multiquantum well
superlattices are explored with the UCSB free-electron lasers.

(p. 112)

4:15pm (Invited)

UTuD2 e« Bloch oscillations in GaAs/AlGaAs superlattices follow-
ing excitation of continuum states: physics and application per-
spectives, H. G. Roskos, C. Waschke, P. Leisching, H. Kurz,
Rheinisch-Westfilische Technische Hochschule (RWTH) Aachen,
Germany; K. Kéhler, Fraunhofer-Institutir Angewandte Fest-
korperphysik, Germany. Terahertz emission by Bloch oscillations
following optical excitation of continuum states suggests conserva-
tion of intraband-phase coherence during scattering. Implications
for the realization of superradiant emitters are discussed. (p. 115)

TUESDAY
MARCH 14, 1995

4:45pm

UTuD3 e Terahertz spectroscopy of a mesoscopic tunnel barrier,
C. Karadi, S. Jauhar, L. P. Kouwenhoven, K. Wald, ). Orenstein, P. L.
McEuen, UC-Berkeley; Y. Nagamune, J. Motohisa, H. Sakaki, Univ.
Tokyo, Japan. We report measurements of the induced current across
a mesoscopic tunnel barrier by terahertz pulses as a function of
frequency, barrier height, and magnetic field. (p. 118)

5:00pm

UTuD4 ¢ Micromachined three-dimensional photonic bandgap
crystals, E. Ozbay, G. Tuttle, Jowa State Univ. Using micromachined
silicon and alumina wafers, we have fabricated and tested three-
dimensional photonic bandgap crystals and defect structures at mil-
limeter-wave frequencies. (p. 121)

5:15pm

UTuD5 ¢ Measurement and analysis of THz radiation from bulk
semiconductors, L. Ming, G. A. Wagoner, X.-C. Zhang, Rensselaer
Polytechnic Institute; M. Alexander, USAF Rome Laboratory. Both
the amplitude and phase of forward and backward THz radiation
have been measured and calculated for the optically generated elec-
trical transient parallel and perpendicular to the semiconductor sur-
face. (p. 124)

BALLROOMS 1V-V

5:30pm-6:30pm
UTUE » Poster Session

UTuET e Electro-optic probes: high-permittivity crystals vs. low-
permittivity polymers, H.-). Cheng, J. F. Whitaker, K. H. Herrick, N.
Dib, L. P. B. Katehi, Univ. Michigan.; ).-L. Coutaz, Univ. Savoie,
France. We investigate through experiments and simulations the
drawbacks of high-permittivity LiTaO; electro-optic probes and the
potential benefits of low-permittivity electro-optic-polymer probes.
(p. 128)

UTUE2 « Picosecond pulse generation by edge illumination of Si
and InP photoconductive switches, Marc Currie, Chia-Chi Wang,
Roman Sobolewski, Thomas Y. Hsiang, Univ. Rochester. We dem-
onstrate edge illumination as a material-independent, pulse-gen-
eration method, producing 1.1-ps pulses on silicon and 0.55-ps
pulses on indium phosphide. (p. 131)

UTuE3 e Paper withdrawn.

UTuE4 » Impact ionization in wide-band-gap materials under high-
field, D. Du, X. Liu, ). Squier, G. Mourou, Univ. Michigan. The im-
pact ionization parameters of SiO, and MgF, have been measured
up to 280 MV/cm, for the first time to our knowledge, by utilizing
femtosecond laser pulses. (p. 135)

UTuE5 e Step function photoconductive signal generation in
intregrated coplanar test fixtures, A. Zeng, M. K. Jackson, Univ.
British Columbia, Canada; M.Van Hove, W. De Raedt, Interuniver-
sity Microelectronics Center, Belgium. Measurement of photocon-
ductive generation in monolithically integrated test fixtures shows
that the step-like response is determined by rapid field screening
followed by slower charge collection. (p. 138)




UTuE6 ¢ Ultrafast carrier relaxation in semi-insulating GaAs im-
planted with arsenic ions (GaAs:As), Gong-Ru Lin, Feruz
Ganikhanov, Wen-Chung Chen, C.-S. Chang, Ci-Ling Pan, National
Chiao Tung Univ., China. The carrier relaxation dynamics of semi-
insulating GaAs substrates implanted with arsenic ions of different
dosages between 10'3 and 10'¢ ions - cm™2 have been investigated.
Carrier lifetime as short as 160 fs was observed. (p. 141)

UTUE7 # All-silicon, ultrafast, integrable optoelectronic interface,
Chia-Chi Wang, Marc Currie, Thomas Y. Hsiang, Univ. Rochester.
An all-silicon, ultrafast, integrable optoelectronic interface is pro-
posed. The operational speed is expected to be 60 Gbit/s. (p. 144)

UTUE8 e Fast vertical silicon photodetectors with buried CoSi,
contact, H. G. Roskos, ). P. Hermanns, E. Stein von Kamienski, H.
Kurz, Rheinisch-Westfdlische Technische Hochschule (RWTH)
Aachen, Germany; F. Riders, O. Hollricher, C. Buchal, S. Mant|,
Forschungszentrum Jiilich, Germany. We report on realization and
characterization of ultrafast vertical Si photodiodes with buried CoSi,
electrode. (p. 147)

UTuE9 « Diffraction effects in spatial and spectral properties of
THz radiation from bulk GaAs excited by ultrashort pulses, N.
Sarukura, Z. Liu, Y. Segawa, The Institute of Physical and Chemical
Research (RIKEN), Japan; S. Koshihara, Tokyo Institute of Technol-
ogy, Japan; K.Shimoyama, Y. Kondo, Y. Shibata, T. Takahashi, S.
Hasebe, M. lkezawa, Tohoku Univ., Japan. Diffraction effects are
observed in the spectral shape and beam divergence of THz radia-
tion from GaAs excited by ultrashort pulses with different spot sizes.
(p. 150)

TUESDAY
MARCH 14, 1995

UTuE10 e Ultrafast characterization of parasitics in in-plane-gate
field-effect transistors, K. Ogawa, ). Allam, ). J. Baumberg, Hitachi
Europe Ltd. UK; N. de B. Baynes ). R. A. Cleaver, Univ. Cambridge,
UK; T. Mishima, 1. Ohbu, Hitachi Ltd., Japan. The parasitic gate-
drain capacitance of in-plane-gate field-effect transistors was mea-
sured by ultrafast electrooptic sampling of displacement currents
induced in the drain. (p. 153)

UTuE11 e Picosecond photoconductive sampling with nanosec-
ond carrier lifetimes using an integrated inductive loop, Andrew
C. Davidson, Frank W. Wise, Richard C. Compton, Comell Univ.
By electromagnetically coupling the time derivative of a signal to a
separate circuit, photoconductive sampling with picosecond reso-
lution is demonstrated on long-lifetime material. (p. 156)

UTuE12 » Measurement of intensity-modulated signal generated
by a two-wavelength laser diode array up to 7 THz, Ci-Ling Pan,
Chi-Luen Wang, National Chiao Tung Univ., China. We report de-
tection of modulation signal on an optical carrier up to 7 THz, gen-
erated by a novel dual-wavelength grating-loaded laser diode array.
(p. 159)

UTuE13 » Dependence of large signal response on the transverse
mode structure in vertical-cavity lasers, H. Deng, K. L. Huffaker, J.
Shin, D. G. Deppe, Univ. Texas at Austin. An interdependence be-
tween the temporal response and the transverse mode structure of
vertical-cavity surface-emitting lasers is experimentally demon-
strated. (p. 162)
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8:30am-10:00am
JWA ¢ Nanometer Probing
Gerard A. Mourou, University of Michigan, Presider

8:30am (Invited)

JWAT e Applications of scanning force microscopy for voltage
measurements with high spatial and temporal resolutions, Francis
Ho, A. Samson Hou, Bettina A. Nechay, David M. Bloom, Stanford
Univ. We report on scanning force microscopy measurements with
picosecond, and potentially sub-picosecond, temporal resolution
by utilizing nonlinear tip-to-sample interactions. (p. 166)

9:00am

JWA2 e Ultrafast near-field optical probing, Jason B. Stark, Richart
E. Slusher, AT&T Bell Laboratories; Umar Mohideen, UC-Riverside.
We use broadband pulses to image the carrier dynamics of semi-
conductor microstructures on a submicron spatial scale, with atime
resolution of 60 fs. (p. 169)

9:15am

JWA3 e Laser-diode-based scanning force microscope and ultrafast
sampling probe, John Nees, Douglas Craig, Univ. Michigan; Soichi
Hama, Shinichi Wakana, Fujitsu Laboratories Ltd., Japan. A laser
diode is used to sample waveforms on high-speed devices using a
highly sensitive photoconductive gate integrated into a scanning
force microscope probe. (p. 172)

9:30am

JWA4 e STOEM: scanning tunneling optoelectronic microscope,
Koichiro Takeuchi, Akira Mizuhara, Teratec Corp., Japan. An STM
was applied to high-speed sampling measurement using a special
probe with a 1.8-ps photoconductive semiconductor switch made
of low-temperature GaAs. (p. 175)

9:45am

JWAS5 e High-frequency on-wafer testing with freely positionable
silicon-on-sapphire photoconductive probes, T. Pfeifer, H.-M.
Heiliger, H. G. Roskos, H. Kurz, Rheinisch-Westfélische Technische
Hochschule (RWTH) Aachen, Germany. Freely positionable photo-
conductive probes based on silicon-on-sapphire are characterized
as both generators and detectors of picosecond electric transients.
(p. 178)

BALLROOMS V-V

10:00am-10:30am
Coffee Break

10:30am-1 2:00m
JWB e Quantum Devices
Jirgen Kiihl, Max Planck Institute, Germany, Presider

10:30am (Invited)

JWBT e Ultrafast all-optical switch with switch-off time unlimited
by carrier lifetime, K. Tajima, 5. Nakamura, NEC Corp., Japan. Ex-
perimental results are presented on a modified Mach-Zehnder type
all-optical switch. Faster than 8 ps full-switching has been achieved
and 1 ps switching at a very high repetition rate is theoretically
predicted. (p. 182)

11:00am (Invited)

JWB2 ¢ Quantum cascade lasers, F. Capasso, }. Faist, AT&T Bell
Laboratories. Quantum cascade lasers based on diagonal and verti-
cal intersubband transitions are discussed. Pulsed operation at 100
K with Ji, = 3 kA/cm?, 60 mW peak power and a slope efficiency of
300 mW/A has been achieved. (p. 184)

11:30am

JWB3 e Scaling of Stark-shifted nonlinearities in MQW structures,
A. N. Cartwright, X. R. Huang, Arthur L. Smirl, Univ. lowa. Simple
rules of scaling the per-carrier nonlinearity in Stark-shifted systems
with well number, electric field, amplitude and width of the exci-
tonic transition are demonstrated by measuring this quantity as a
function of temperature, bias, and materials system for several mul-
tiple quantum well (MQW) structures. (p. 187)

11:45am
JWB4 e Dynamic Wannier-Stark effect and superradiance switch-

ing in semiconductor superlattices, ). B. Khurgin, S.-). Lee, Johns
Hopkins Univ.; N. M. Lawandy, Brown Univ. Two novel effects as-
sociated with transition from localized to extended states in semi-
conductor superlattices are introduced. Possible applications in the
light sources and detectors are considered. (p. 190)
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Trends in Ultra fast Optoelectronics
Radhakrishnan Nagarajan and John E. Bowens
Department of Electrical and Computer Engineering
University of California, Santa Barbara, CA 93106. Tel: (805) 893 3918

The highest aggregate data transmission rate in optical fiber communication systems is
rapidly approaching 200 GBit/s [1]. It was not too long ago when a 2.5 GBit/s system was
considered to be novel. There are number of reasons for this rapid advance. One is the maturity
of the optical processing elements based on the ultrafast fiber and semiconductor nonlinearities,
gecond is the Erbium doped fiber amplifier technology, and third is the advancements in the high
speed optoelectronic components, Here, we will review recent advances in this area.

Ultra high speed data transmission systems come in many varieties. First is the conventional
electronic time division multiplexing (ETDM) where the high speed data stream is assembled
electronically and then modulated onto an optical carrier either by directly driving a high speed
laser or using an external modulator. Directly modulated laser data links operating at speeds up
to 20 GBit/s have been demonstrated [2]. The second favored method is the wavelength division
multiplexing (WDM) where optical carriers at several wavelengths are used to carry high speed
data. Each wavelength channel has an individual laser ransmitter. Although each transmiter
may not have to be fast, aggregate rates of up to 160 GBit/s have been demonstrated using 8
wavelength channels each operating at 20 GBit/s [1]. The third method that has been
successfully exploited in recent days is the use of optical time division multiplexing (OTDM),
where the optical carrier (usually pulsed laser sourccs) are first modulated with data and
subsequently multiplexed by delaying and summing the various data streams with respect to one
another. These data streams can be optically demultiplexed and the high speed clock recovery
can also be done optically. OTDM links operating at 100 GBit/s [3] have been demonstrated and
multiplexers and demultiplexers up to 160 GBiv/s (4]. Recent measurements of pulse jitter
indicate that OTDM is possible to 1 TBit/s with 10-9 BER [5]. Both WDM and OTDM do not
have to have very high speed optoelectronic components for their implementation while the
ETDM relies heavily on the advancements in this area for its implementation, Lets examine the
current level of maturity of these components.

a)yle} [) AsSers and yiQd A1OTS

High speed lasers and modulators are the basic components required to generate the optical
data stream. The fastest lasers have -3 dB modulation bandwidth of about 33 GHz and the fastest
modulatots about 44 GHz, The modulators also have the advantage of generating low distortion
optical puises with minimum chirp. Their main disadvantages are high insertion loss (= 6 dB)
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and large drive voltages (= 10 V) required at very high speeds. The high speed lasers have an
advantage in this respect that they can be efficiently modulated at low drive cumrents (= 50 mA),
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Fig.1  The trend in bandwidth of directly modulated lasers and external modulators with year of publication.

Even higher bit rates in the modulator can be achieved for by using pulsed laser sources.,
These systems tend to be of the return-to-zero type optical format [3].
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Fig.2. 3B electrical bandwidths of various sizs
in-plane and vertically-illuminated photo-
detectors from the same wafer.

The other requirement for ultrafast links is
the high speed photodetector. The largest band-
width reported in photodetectors for use at 1,55
pm wavelength is 110 GHz [6,7]. The largest
modulation bandwidth reported in any p-i-n type
photodetector is 172 GHz with an external
quantum efficiency of 42% (Fig. 2). This device
uses a traveling wave structure to separately
optimize the speed of operation and responsivity

[8]. Using p-i-n photodetectors and traveling
wave amplifiers, optical receivers with 30 GHz
bandwidth have been demonstrated [10].

At the receiver the high speed optical data has to be converted to some manageable low
speed electronic form for further processing and use (at least for the time being!). For these one
needs some form of demultiplexing the data and also clock recovery for data retiming and
extraction, These functions used to be the domain of electronic components but at increasingly
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increasingly higher speeds these are being done by optical nonlinear elements [10,11].
Electronics components based on the nonlinear shock line technology for use at these high bit

rates are also underway [12].

Summary

Lets look at the requirements for a 160 GBit/s optical communication link and see what
technologies are present and what needs to be developed.

Optical Pulsewidths <2 s

Optical Soliton Peak Power > 500 mW

Data Multiplexing - Optical
- Electronic

Direct Modulation

External Modulators - Bandwidth = 160 GHz
- Low Drive Voltages = 10 V

Modulator Driver Circuits - Risetime = 5 ps
- Voltage Swing = 10V

Optical Amplifiers

Photodetectors - Bandwidth > 80 GHz

Front End Amplifiers - 0.5 GHz < BW « 80 GHz

Data Demultiplexing - Optical
- Electronic

Clock Recovery - Optical
- Electronic

Fiber Dispersion Mana t
® - Possible or Has been demonstrated @ - Maybe O - Not Possi

This work was funded by DARPA, Rome Laboratories (Hanscom AFB).
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Diode Laser Structures for
High-Speed Direct Modulation and
Monolithic Multi-Wavelength Transmitter OEIC’s

J.D. Ralston*, S. Biirkner, W. Bronner, J. Hornung, S. Weisser,
E.C. Larkins, R.E. Sah, J. Rosenzweig, and J. Fleissner,
Fraunhofer-Institut fiir Angewandte Festkorperphysik, Tullastrasse 72,
D-79108 Freiburg, Germany
Tel. (+49) 761-5159-340  FAX (+49) 761-5159-400
*Present Address: SDL, Inc., 80 Rose Orchard Way, San Jose, CA 95134-1365
Tel. 408-943-9411  FAX 408-943-1070

The successful application of direct laser modulation for very-high-speed digital
transmission or microwave /millimeter-wave analog optical links requires: reductions in
the drive currents required to achieve high modulation bandwidths, increases in the
maximum intrinsic modulation bandwidths, reductions in laser chirp under high-speed
direct modulation, and high-speed laser structures which can be monolithically
integrated with high-speed transistors. Due to the maturity of GaAs transistor and circuit
fabrication technologies, we have pursued the development of GaAs-based MQW lasers
which address all of the above requirements. In addition, we have demonstrated the
feasibility of utilizing the impurity-free interdiffusion (IFID) process to fabricate multi-
wavelength, high-speed, pseudomorphic laser arrays; such components promise
substantial increases in both single-fiber transmission capacity and network flexibility via
wavelength division multiplexing (WDM).

By adding both p-doping and/or strained In, ;sGa, sAs/GaAs MQW’s in the laser
active region [1], we have achieved both very efficient high-speed direct modulation
(f3qg=24 GHz at a DC bias current of only 25 mA) and, as shown in Fig. 1, a record
direct modulation bandwidth of 33 GHz [2] at a wavelength of ~1.09 pm. In addition,
the strained p-doped lasers show a factor of 2 reduction in the linewidth enhancement
factor, @, compared with that of unstrained, undoped GaAs/ AlGaAs MQW lasers [3].
These modifications are expected to lead to reduced chirp under high-speed direct
modulation. The above devices utilize a vertically-compact epilayer design [1] embedded
in a dry-etched, short-cavity, coplanar ridge-waveguide (RWG) structure [2], as shown
in Fig. 2. The laser mirrors are etched using a Cl,+BCl; chemically-assisted ion-beam
etching (CAIBE) process [4] which relaxes several constraints previously reported in the
dry-etching of Al Ga, As-containing optoelectronic device structures.

This laser design has been further incorporated into a complete technological
process for the monolithic integration [5,6] of GaAs MQW lasers and HEMT-based
laser-driver circuits capable of operation at data rates up to 20 Gb/s [7]. Fig. 3 shows
the high-speed ridge-waveguide laser geometry used in the monolithic transmitter
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OEIC’s, with a side-feed, air-bridged coplanar contact geometry and CAIBE-etched
mirrors. Fig. 4 shows a chip photograph of a monolithic 10-element linear array of
independently addressable GaAs/AlGaAs MQW lasers and driver circuits.

‘ Microwave Probe (Picoprobe) %
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Fig. 1 33 GHz direct modulation of short-
cavity InGaAs/GaAs MQW laser.

Fig. 2 Schematic layout of coplanar,
triple-mesa, ridge-waveguide laser
geometry used for high-speed direct
modulation measurements.

Fig. 3 Electron
micrograph showing

high-speed ridge-
waveguide laser
geometry utilized for
laser/HEMT integra-
tion in monolithic
transmitter OEIC’s.

Finally, using the IFID process, wavelength shifts of at least 32 nm (34 meV)
have been achieved with no strain relaxation and while maintaining the high-speed
modulation properties of the pseudomorphic InGaAs/GaAs MQW lasers [8]. Fig. 5
compares the lasing wavelengths of as-grown and partially-interdiffused devices
fabricated from the same epitaxial wafer, containing 4 undoped Iny;Ga,sAs/GaAs
MQWs’s in the active region. As shown in Fig. 6, the wavelength-shifted devices achieve
faag= 26 GHz at a DC bias of only 50 mA.

The above fabrication processes, device structures, and integration schemes
provide the technological foundation for monolithic, multi-wavelength, GaAs-based




UMA2-3 /7

transmitter OEIC’s in which each element is capable of low-bias-current direct
modulation at bandwidths exceeding 20 GHz.

Fig. 4 Monolithic transmitter OEIC containing a linear array of 10 GaAs MQW lasers
and HEMT driver circuits.
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Fig. 5 Lasing spectra of as-grown and

partially-interdiffused InGaAs/GaAs MQW  Fig. 6 Direct modulation response of

lasers fabricated from the same epitaxial wavelength-shifted 3x100 um? InGaAs/

wafer. GaAs ridge-waveguide laser at DC bias
currents of 15, 20, 30 and 50 mA.
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Submicron Schottky-Collector AlAs/InGaAs/InP
Resonant Tunnel Diodes

M. Reddy * M.J. Mondry*, S.C. Martin | R.E. MullerT,
R.P. SmithT, M.J.W. Rodwell*, D.H. Chow? and J.N. Schulman

Introduction

Resonant tunnel diodes(RTD) are currently the
widest bandwidth semiconductor devices [1, 2], use-
ful for high frequency oscillators and picosecond
pulse generators. 712G Hz oscillators [2] and 1.7ps
pulse generators [3] fabricated with ~ 1.0THz
bandwidth InAs/AlSb RTDs, are some examples
of high speed RTD applications. Here, we report
the fabrication, DC, and microwave characteristics
of AlAs/Ing 53Gag 47As/InP Schottky-collector res-
onant tunnel diodes (SRTDs) with deep submicron
Schottky collectors and an estimated maximum fre-
quency of oscillation fuax = 2.2THz . Monolithic
integration of several SRTDs into sub-millimeter
wave quasi optical oscillator arrays and for trav-
eling wave deep sub-picosecond pulse generators is
feasible with this device technology.

Schottky-Collector RTDs

RTD bandwidths are currently limited by parasitic
resistance from the ohmic contacts. In Schottky-
collector RTDs, the ohmic-contacted collector of a
conventional RTD is replaced with a direct Schot-
tky contact to the space-charge layer (Fig. 1a,b),
eliminating the top contact series resistance [4].
The remaining series resistance components are
minimized by scaling the Schottky-collector to deep
submicron dimensions. This reduced series resis-
tance leads to an increased maximum frequency of
oscillation, fraz. 0.1um AlAs/GaAs SRTD’s have

*Department of Electrical and Computer Engineering,
University of California, Santa Barbara, CA 93106. 805-
893-8044, 805-893-3262 FAX

tCenter for Space Microelectronics Technology, Jet
Propulsion Laboratory, California Institute of Technology,
4800 Oak Grove Drive, Pasadena, CA 91109. 818-354-4424,
818-393-4540 FAX

tHughes Research Laboratories, Malibu, CA 90265. 310-
317-5330, 310-317-5483 FAX
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Figure 1: (a) Band diagram, (b) and (c) Perpen-
dicular cross sections of a submicron SRTD

been fabricated with an estimated fqz = 900GHz
[5]. AlAs/Ing 53Gag.47As/InP SRTDs should yield
further increases in f;;,q, owing to the superior ma-
terial properties of this system [6].

RTD electrical characteristics when biased in
the negative-differential-resistance (NDR) region
[1] are represented by the parasitic series resistance,
R,, the space charge layer capacitance, C, the nega-
tive resistance, R,, and a quantum well inductance,
Ly (inset of Fig.2 ). Lgy = —Tquw Ry (negative in
the NDR region), where 74, is the electron lifetime
in the quantum well. fraz = Wmas/27 , is the fre-
quency at which the network’s admittance, Y (w)
has a zero real component. Inclusive of the quan-
tum well lifetime 74, the expression for calculating
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Fmaz s Re{Y (w = wmaz) = 0} , where
RelY (w)] =
(w4r2,C*F2R, — Ro + R,
+w?(C2R2R, + 27,5,CRy, Rs))
x (w‘*r,fwc?Rin — 2R, R, + R2 + R
+w?(C®R2R? + 214,CRLR2 + 7}, Ri)) -1
(1

Improvements in f,,,; are obtained by decreas-
ing R, R,C and 74,. Thin barriers result in both
small 74, and a high current density which reduces
R,C. Reduction in 74, and R,C through the use
of very thin barriers is ultimately limited by degra-
dation in the current peak to valley ratio (PVR)
and by high device power dissipation. R, is re-
duced by a Schottky collector of submicron width
and fpq increased (Fig. 2). Compared to 0.1um
AlAs/GaAs SRTDs [4], AlAs/Ing 53Gag.a7As/InP
SRTDs have slightly smaller 7, and substantially
smaller R, and R,,C and should attain higher f,42.

Fabrication

Molecular beam epitaxial growth of the RTD layer
structure started with the nucleation of a 1.0um,
1.0 x 10%/cm3, Si doped, Ings3Gaga7As buried
N+ contact layer to the [100] InP substrate at a
540°C substrate temperature. This was followed by
a 50nm, 1.0 x 108 /cm3, Si doped, Ing 53Gag.47As
emitter and a 10nm, undoped, Ings3Gag47As
spacer layer. The last 10nm of the emitter and
the entire spacer layer were grown at 320°C sub-
strate temperature to minimize out diffusion of Si
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dopants into the double barrier structure consisting
of 1.4nm or 1.7nm (5 or 6 monolayers), undoped
AlAs barriers and 4.1nm, undoped, Ing 53Gag.a7As
quantum well. Growth interruptions were used be-
fore and after the low temperature growth to sta-
bilize the substrate temperature. The rest of the
structure grown at 510°C consisted of a 25nm,
undoped, Ings3Gag.47vAs space-charge layer and
10nm, 5 x 108 /em3, Be doped, Ing 53Gag.a7As P-
cap layer.

Due to the approximately 0.1eV — 0.3eV poten-
tial barrier at the air-semiconductor interface there
is significant free charge in the space charge re-
gion of the uncontacted regions surrounding the
Schottky collector. Parasitic surface leakage cur-
rents will arise if this sheet charge is significant.
Assuming a 0.2¢V potential barrier at the air-
semiconductor interface, the calculated free charge
density is ~ 10! /em? without the P-cap and is re-
duced to ~ 10°/cm? with the P-cap. The P-cap
layer, an extension of the space charge region, is
fully depleted. Within the SRTD, the fully depleted
P-cap increases the forward voltage by 0.4V. This
increased forward voltage can be eliminated by a
self- aligned recess etch through the P-cap before
deposition of Schottky metal. Experiments with
P-cap recess etch were abandoned due to difficul-
ties in controlling the etch uniformity in very small
area devices. The total space charge layer thickness
is 35nm, which minimizes the space-charge transit
time.

Ohmic contacts to the N+ layer were formed
with a recess etch, a self-aligned AuGe/Ni/Au
liftoff and a subsequent alloy. Airbridge Schot-
tky collector contacts were defined using an inter-
rupted footprint e-beam process [7]. With this pro-
cess, the contact area is defined exclusively by e-
beam lithography, and diodes with contact area
as small as 0.05um? — 0.4um? have been fabri-
cated. The devices were mesa isolated using a
H3POy4 : H3O5 : H2O etch. Ti/Pt/Au interconnect
metal was deposited, which provided contacts to
the tops of the both the active and passive mesas
(Fig. 1b,c). Fig. 3 shows a scanning elec-
tron microscope (SEM) micrograph of a fabricated
0.1 x 1.0um? SRTD. Sub-micron SRTDs with 5 and
6 monolayer (ML) barriers were fabricated using
this process.

Measurements

Due to the fringing of the electric field under the
Schottky contact, the effective collector width is
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Figure 3: SEM of a 01 pm x 1.0 pm
AlAs/Ing 53Gag.47As/InP SRTD.

0.2um [5]. The devices were laid out with con-
tact pads for 50Q microwave wafer probes. In all
measurements the devices were biased through a
network which provides a 508} source impedance
over at least DC-65 GHz bandwidth, so accurate
DC measurements could be made even in the NDR
region for devices with |R,| > 100. The sta-
bilized DC, I-V characteristics of a 5 ML barrier
SRTD is shown in Fig. 4. The 6ML SRTD has
an effective area of 0.8um?, with a peak current
density of 2 x 10°4/cm? at 1.03V, a PVR of 2.15
and a peak negative conductance of —7.9mS/ um?.
The 5ML SRTD has an effective area of 0.4um?,
with a peak current density of 5 x 10°A/cm? at
0.95V, a PVR of 1.7 and a peak negative con-
ductance of —19mS/um?. Despite these high cur-
rent densities, the devices did not burn out be-
cause of the thin space charge region and the small
junction area. Quantum well lifetimes 7, were
computed as 0.12 ps and 0.28 ps for the 5 and
6 ML samples respectively using the model de-
scribed in [6]. From the measured 2.2Q0 — um
bulk resistivity and the measured 6.5Q — um con-
tact resistance, R, = 2.2Q — um? is computed. A
3.0fF/um? capacitance per unit area is extracted
from microwave S-parameter measurements. From
these measurements faz = 1.2THz for the 6ML
sample and fi.e = 2.2THz for the 5ML sam-
ple as calculated by Eqn. 1. Given the measure-
ment frequency limit imposed by existing instru-
ments, fmaez can be experimentally verified only
by building sub-mm-wave oscillators; fabrication
of monolithic sub-mm wave oscillators and travel-
ing wave deep subpicosecond pulse generators using
AlAs/Ing 53Gag.47As/InP SRTDs is currently being
pursued.

Current (mA)
(Sw) souejonpuo)d

05 Voltage (V) 10

Figure 4: Stabilized DC measurements of a 0.4
pm?, 5 ML SRTD.
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Ultra-High-Speed Superconductor Digital Circuits

V.K. Semenov
Department of Physics, SUNY, Stony Brook, NY 11794-3800
phone: (516) 632-8931; fax: (516) 632-8774

Josephson junction integrated circuits using Rapid Single-Flux-Quantum (RSFQ)
logic are capable of performing logic operations at ultrahigh clock frequencies in excess
of 100 GHz [1]. In this report I will describe recent progress in design, fabrication, and
testing of several circuits of this family.

Currently two different niobium-trilayer technologies are available for fabrication
of RSFQ circuits; each technology may be characterized by either the Josephson junction
critical current density or size of a Josephson junction. One of these technologies, with
moderate current density (1 kA/cm2) and relatively large (3.5 um) Josephson junctions is
commercially available from HYPRES, Inc. [2] and is convenient for fabrication of
relatively complex circuits. A more advanced technology with higher critical current
density (10 kA/cm2) and smaller (1.5 pum2) junctions is now under development at
SUNY [3]; up to now it has been used for fabrication of a few simple circuits.

Several integrated circuits of the modest integration scale (with up to 1000
Josephson junctions), including a frequency multiplier with the output frequency up to 90
GHz, pattern generator with upper frequency up to 85 GHz, 8-bit multiplier with the
upper frequency of 6.3 GHz, and several shift registers have been successfully
characterized at high frequencies, while several other circuits (including 4-bit decoder
and 4+4-bit decimation filter) have tested at low frequencies. Development of the first
complete RSFQ system (16-bit A/D converter with estimated 10 MHz signal bandwidth),
a dense SFQ memory, and several other promising circuits, is under way.

The first circuit fabricated using the 1.5-um? technology (consisting of an SFQ
pulse train generator and toggle flip-flop) has been tested successfully at the pulse train
frequencies of up to 360 GHz, in a qualitative agreement with results of numerical
simulations. To our knowledge, the maximum frequency of operation for this circuit is
considerably higher than those reported previously for any digital device. A
comprehensive account of design, performance, and possible applications of the RSFQ
circuits will be presented at the meeting.

The work was supported by DoD's University Research Initiative under AFOSR Grant
#F49620-92-J-0508.
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Identifying the Distinct Phases of Carrier Transport in
Semiconductors with 10 fs Resolution

B. B. Hu, E. A. de Souza, W. H. Knox, J. E. Cunningham, and M. C. Nuss
AT&T Bell Laboratories, 101 Crawfords Corner Road, Holmdel, NJ 07733-3030
Tel. 908-949-4925, FAX: 908-949-2473

The rapid advance of femtosecond laser
technology has offered superior time resolu-
tion for studying transient carrier transport
phenomena, and many studies of these trans-
port processes have been performed [1]. In
order of time scale, carrier transport process
can be divided into four distinct stages: In the
first stage, when a biased semiconductor is
excited by an ultrashort light pulse, an instan-
taneous polarization of the photoinjected
electron-hole pairs is created [2-4]. In the
second stage, carriers undergo ballistic ac-
celeration without scattering by the electric
field for times shorter than the mean free
scattering time (~107"%s). In the third stage, as
scattering processes set in, the acceleration of
the carriers stops, and the velocity reaches a
maximum. Velocity-overshoot occurs for
materials such as GaAs, when hot electrons
are scattered into satellite L, X valleys with
lower mobility. In the fourth stage, the veloc-
ity is maintained at a lower level in steady-
state drift. These regimes, while easily de-
fined, have not been clearly separated to date
because scattering times limit the ballistic re-
gime to ~ 50 fs for typical conditions.

Here, we present a study of carrier transport
after injection of electron-hole pairs using a
novel THz technique with 10 fs time resolu-
tion. By detecting the change of the dc field,
we clearly separate the instantaneous polari-
zation and carrier transport in the time do-
main. In addition, we show directly that
within the first roughly 70 fs the electrons and
holes are accelerated ballistically, and that the
average drift distance increases quadratically
in time. At later times, we observe that the

electron drift velocity reaches a maximum,
and then relaxes down to a steady state value.

Our experimental technique is to inject
electron-hole pairs with a 10 fs optical pulse
into the field region of a large-aperture GaAs
Schottky diode. As long as the change in
electric field is small, it can be approximated
by: AE,(t)=-|P,(¢)+ Nex(t)|/ e, where
P;,(t) is the instantaneous e-h polarization, N
is the photocarrier density, x(¢) the average
displacement between electrons and holes at
time ¢, e the dielectric constant, and e the
electron charge. The relative change in THz
energy W(t) emitted from the second pulse is
given by:

AW _2AE,
W E,

=— Edzcg [Pm (H+ Nex(t)]

Hence, by monitoring the change in THz
energy as a function of time, we directly map
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Fig. 1 a) Spectrum of the laser pulse. b) Gads
absorption spectrum. c) Schematic of the
experimental setup




out the transport movement of the carriers
generated by the prepulse.

Figure 1 a, b, and c¢ show the laser spec-
trum, GaAs absorption spectrum and the
schematic experimental setup, respectively.
The optical source is a self-focusing-mode-
locked Ti:Sapphire laser pumped by a cw-
Argon ion laser [5]. It produces optical pulses
with a duration of 10 fs at a repetition rate of
82 MHz. The laser beam is delivered into a
Michelson interferometer. The pair of pulses
from the Michelson interferometer is weakly
focused and strikes the sample at an incident
angle of 60 degrees, resulting in a carrier
density of around 10"® ¢cm™ for a beam size of
0.5x0.5 mm? on the sample. One pulse (p2) is
chopped, and only the THz signal generated
by p2 is detected, while the other pulse merely
injects carriers. The THz signal is collected
by a 50 um photoconductive dipole antenna
with a silicon hyperhemispherical substrate
lens attached [6]. The THz energy W(?) is
computed by squaring and time-integrating
each THz waveform.

Both a bulk GaAs sample and a MQW
sample are used in our experiments. For the
bulk sample, the intrinsic region consists of a
1.7 um GaAs layer sandwiched by 3500 A
AlgsGagsAs layers. The sample is capped
with 100 A GaAs, and finally, a 50 A Ti film
is deposited. A large and uniform electric
field in the intrinsic region can be achieved by
applying a reverse bias voltage between the
semi-transparent metal film and the heavily
doped substrate. The MQW sample is similar
to the bulk sample with the 1.7 um GaAs
layer replaced by 100 periods of
GaAs/Aly3,GagesAs (120A/150A). For com-
parison, we also design a Si p-i-n diode for the
experiment. It has a n"-doped top layer of
500 A, an intrinsic region of 7 um on a p
substrate.

Figure 2 shows results from the three sam-
ples. The solid lines are numerical fits to the
experimental curves. The left vertical axis is
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Fig. 2 THz energy and e-h pair displacement as a
function of time after injection of carriers
by the prepulse. a: 158 kV/iem, b:
17.8 kV/em, c: 20 kV/em, and d: 23 kV/cm.

the field-normalized change in THz energy
(AW/W)-E g, from the second pulse, while the
right vertical axis shows the average dis-
placement. For reference, we also plot the
second harmonic autocorrelation of the optical
pulse. We also repeat the measurement for
GaAs at different crystal orientations by rotat-
ing its azimuth angle (not shown). No crystal
orientation dependence is observed, indicating
that the bulk y® effect is negligible in our ex-
periments.

The fast dip observed in the MQW and
GaAs samples is clearly the instantaneous
electron-hole polarization, since it is the only
contribution to the THz signal in the MQW
sample [4], while in the bulk sample the carri-
ers can hardly move any distance during the
first 10 fs. For an indirect bandgap material
such as Si, optical creation of an electron-hole
pair is achieved through incoherent random
optical phonon scattering which destroys the
coherence between the electrons and holes.
As a result, we do not observe the instantane-
ous polarization in the silicon sample (lower
trace in Fig. 2). In our experiments, the width
of the dip is comparable to the optical pulse
duration, showing that the speed of the polari-




16 / UMBI1-3

—— 184kvem

160kviem

05 1 4g, 140kViem 400

L Veocty (107 amis)
o N b (2] =]

-800

() uawaoeidsig

Change in THz Energy, E,.AW/W (KV/cm)

TR~ 140 KVem
15 o o 16.0kVem | 4000
™ 184kViem
h T -

i Silicon

1 ) | i R
0.0 05 1.0 1.5 2.0

Time Delay (ps)

Fig. 3 THz energy as a function of time for
Gads on a longer time scale. Inset:
time derivative of the solid fits to the
data.

zation of electron-hole pairs is limited only by
the optical pulse.

The subsequent increase of the electron-
hole displacement in the bulk GaAs and sili-
con samples represents the field screening due
to the space charge field set up by electrons
and holes as they separate. At early times, we
expect that the carriers are accelerated ballisti-
cally in the electric field. This is illustrated in
Fig. 2 as the average displacement in the first
70 fs can be fitted by a quadratic time depend-
ence. By fitting the experimental curves with
eEdct2/2m * we obtain an average reduced ef-
fective mass for the electron-hole pair of
0.043 my, where my is the electron mass.

Figure 3 shows the results from the bulk
GaAs sample and the Si sample on a longer
time scale. The solid lines are numerical fits
to the experimental data. By taking the time
derivative of the solid lines, we can obtain the
time dependence of the relative electron-hole
drift velocity (inset in Fig. 3.). For a field of
18.4 kV/cm, we observe that the drift velocity
reaches its maximum overshoot value in about

100 fs, then relaxes down to its steady value in
about 200 fs. The time scale we observed
here is much shorter than that in previous
Monte-Carlo simulation [7]. Also, the amount
of the overshoot observed is roughly twice as
large as theoretically estimated. This discrep-
ancy between our results and previous Monte-
Carlo simulations warrants a critical examina-
tion of our understanding of current transport
on a 10 fs time scale.

In summary, for the first time, we clearly
separate the instantaneous polarization from
the carrier transport. Furthermore, we show
that electron and holes are ballistically accel-
erated by the field within the first 70 fs. At
later times, we observe that the drift velocity
overshoots its steady state value in roughly
200 fs. Our experiments thus clearly reveal
the distinct stages of carrier transport in semi-
conductors.
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Coherent Charge Oscillations in Bulk GaAs

Arthur L. Smirl, W. Sha, and Shekhar. Patkar
Laboratory for Photonics and Quantum Electronics, 100 IATL, University of Iowa, Iowa City, IA 52242
Tel: (319) 335-3460 Fax: (319) 335-3462
and W. F. Tseng
National Institute of Standards and Technology, Gaithersburg, MD 20899

Recently, transistor-like three terminal (launcher-base-detector) devices with base regions of
dimensions comparable to (or less than) typical mean free path lengths have been used to study transport in
the near ballistic regime,"” and femtosecond techniques with temporal resolutions less than the mean
scattering times have been used to investigate velocity overshoot® and the nearly ballistic acceleration of
electrons™. In addition, coherent oscillatory electronic wavepackets have been observed in coupled
quantum-wells®, and Bloch oscillations have been observed in superlattices’®. Here, we report the first
direct observation of coherent charge oscillations in a bulk semiconductor in the presence of a constant
built-in field, and we confirm that these oscillations are the result of ballistic charge transport by separately
demonstrating that they occur on a time scale short compared to the measured dephasing time.

In these experiments, electrons and holes are suddenly generated into bulk material in the presence
of a constant field. For times short compared to the mean scattering time, the electrons and holes are
initially accelerated in opposite directions by the presence of the constant field. As they move apart, a
space-charge field develops as the result of the Coulomb attraction between the oppositely charged species.
This restoring force causes the plasma to coherently oscillate until collisions dampen the oscillations. We
emphasize that the motion observed here is over a small region of the Brillioun zone near the band edge and
that the oscillations are produced by the restoring space-charge field. This is in direct contrast to Bloch
oscillations that are observed in minibands, where charge motion is over the entire miniband and where the
oscillations are caused by Bragg reflections at the Brillioun zone edge.

Our measurements were performed at 80 K in a GaAs vertical p-i-n structure with a 3.5 kV/cm
built-in field and a 400 nm-thick intrinsic region using the geometry shown in Fig. 1. The electrons and
holes were photo-generated in the intrinsic region by a 100 fs pump pulse tuned to the GaAs band edge.
The ballistic charge oscillations were then monitored with a time delayed probe by measuring the change in
the near-band-edge electro-absorption as these oscillations screened the built-in p-i-n field. A few

representative traces of the time-derivative of the change in transmission induced by these oscillations are
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Fig. 1. Experimental geometry for monitoring the
band edge electro-absorption in a GaAs p-i-n.
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Fig. 2. The time derivative of the change in

electro-absorption versus pump-probe time delay
for several fluences.

shown in Fig. 2. Several features are worth
noting. First, notice that clear oscillations are
observed over a range of fluences. These
oscillations decay in a time period of a few
hundred femtoseconds, consistent with the
expected mean time between collisions at this
temperature in GaAs. Finally, the frequency of
oscillation clearly increases with increasing
fluence. In fact, by verifying that the optical
absorption was linear over this range of fluences,
we were able to estimate the carrier densities and
to demonstrate that the measured frequencies had
a square-root dependence on the carrier density

and that the measured frequencies deviated from

the calculated plasma oscillation frequencies
(given by @ =ne?[em’, where @, is the
plasma frequency, n is the carrier density, € the
electronic charge, € the dielectric constant and m’
the effective mass) by less than 25% for the entire
fluence range. Also, from a simple coherent
plasma model, we estimate the oscillation
amplitude and the maximum kinetic energy gained
in these experiments. The results (not shown)
indicate that, for low fluences, the carriers move
~100 nm and gain more than 10 meV in energy

before collisions disrupt their motion.

To verify that our oscillations were indeed the result of coherent charge motion, we also measured

the carrier dephasing in an electric-field-free sample under otherwise identical conditions using transient

degenerate four-wave-mixing techniques. The results are shown in Fig. 3 for selected fluences. Notice that

the dephasing times extracted from the four-wave-mixing signals are consistent with the decays of the

oscillations shown in Fig. 1. Finally, to exclude the possibility that the oscillations are the result of

intervalley scattering between the I" and L valleys, we note that the maximum energy gained per carrier is




of 15 meV, which is much lower than the ~300

meV needed for intervalley transfer (and for Gunn
oscillations).
Consequently, we have verified that we

have directly observed, for the first time, coherent

102} plasma oscillations of electrons and holes in a bulk
st ) '\. 29 semiconductors and that the charge oscillations
: 03 02 -01 0:0 01 02 03 04 05 06 07 occur in the ballistic transport regime on a

time delay (ps)
subpicosecond time scale.

Fig. 3. The time-integrated degenerate-four-
wave signal in an electric-field-free bulk GaAs
sample for selected pump fluences.
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ITow Do Carrier-carrier Interactions in GaAs
Depend on the Carrier Distribution?

J. A. Kash
IBM Research Division
Room 29-149, Thomas J. Watson Research Center
Yorktown Heights, New York, 10598 USA

Telephone (914) 945-1448; TIFAX (914) 945-2141; email kash@watson.ibm.com

Carrier-carrier interactions play an important role in determining the performance of fast
electronic and optoelectronic devices. They are also very difficult to model, especially when the
carrier distributions are far from equilibrium. The difficulties arise primarily from an inability
to treat collective effects such as screening and the formation of plasmons, which play a key role
in carrier-carrier scattering processes in semiconductors.)4 These effects should be influenced
by the energy distribution of the carriers.] As a simple illustration of how the carrier distribution
affects the scattering, a hot plasma has been predicted to provide weaker screening than a cold
plasma.5 In recent publications,® 7 it was suggested that coherence cffects on carrier-carrier
interactions should be included when the carriers are generated by subpicosecond laser pulses.
Experimentally, there has not yet been a direct quantitative comparison of carrier-carrier scat-
tering rates {rom electron-hole (e-h) plasmas which have the same density but very different
energy distributions, although both thermal® and non-thermal® 10 carrier distributions have
been separately studied.

In the experiments reported here, carrier-carrier scattering is compared between distrib-
utions that are very different encrgetically, yet of the same density. In particular, scattering is
compared between the carrier distribution that occurs during a 150 fsec optical pulse, and the
distribution that is created by a pulse of the same fluence but 100 times longer in duration. The
150 fscc pulse produces a “hot” nonequilibrium distribution of carricrs with a large average en-
ergy. The longer pulse creates a “cold” thermal distribution (T~100K) of much lower average
energy. The key experimental result reported here is that the energy loss rate due to carrier-
carrier scattering during the 150 fsec pulse is found to be several times stronger than that seen
with the longer pulse. This observation is in accord with the weaker screcning expected {rom
a "hot” carrier distribution.

The experimental technique uscd here to obscrve carrier-carrier scattering uses the
luminescence generated by nonequilibrium electrons recombining at neutral acceptors (hot
(¢,A%) luminescence).8: 1! A single laser pulse was used to both create the plasma and excite the
hot luminescence. Laser pulses centcred at 1.691 eV were generated by a cw modclocked
Ti:Sapphire laser (Spcctra Physics Tsunami). The pulses as generated were nearly transform
limited 125 fsec pulses (sech? shape assumed) with a spectral width of 11 meV, at a repetition
rate of 82 MIIz. A prism filter was used to spectrally narrow the pulses to 9 meV, broadening
them temporally to 150 fsec. Pulses of about 15 psec were generated by narrowing the 150 fsec
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pulses to a 4 meV spectral width, and then passing these pulses through a 4-pass dispersive
grating delay line. The fsec or psec pulses were then focussed onto the sample at normal inci-
dence, with the laser electric field polarized along a {100} crystal axis. The sample was a 1 um
thick layer of GaAs, Be-doped at 8 x 10" ¢cm™3, MBE-grown on a [100] GaAs substrate. The
sample temperature was about 8K. Only the luminescence polarized perpendicularly to the laser
was collected, filtered, dispersed, and detected by a triple monochromator and cooled CCD.
The carrier density generated by each pulse was determined from the pulse fluence at the sample
(maximum of 0.3 nJoules), the spot size (about 120 um.), and the absorption depth (0.7 um.),
and should only be taken as an estimate, since the luminescence from the entire focal spot was
collected. Because of the relatively long absorption depth and large spot size of the laser, carrier
diffusion and surface recombination during the laser pulses can be ignored.

Iigure 1 shows a comparison between the hot luminescence spectra as excited by fsec and
psec laser pulses. The spectra are scaled so that, if the luminescence was linear in laser power,
(a) and (b), and (¢) and (d), would be identical. Clearly the pairs are not identical; the differ-
ences are due to carrier-carrier scattering. For laser powers below 10 mW (injected carrier
density of about 2 x 10'® cm™3), the integrated area under the hot (e,A°) luminescence peaks
are linear with laser power, so carrier-carricr scattering is unimportant. At the higher power,
the intensity of the peaks is reduced as carrier-carrier interactions become important. Com-
paring Tligs. 1(a) and 1(c), it is apparent that the reduction is more significant for the fscc laser
pulses than for the psec pulses. Straightforward analysis shows that the electron-plasma energy
loss rate at the high density is about 2 to 4 times greater for the {sec pulses than for the same
carrier density injected by the psec pulses. This is a significant difference, and is a clear dem-
onstration of the weaker screening of the nonequilibrium plasma. The increased energy loss rate
for the nonequilibrium plasma is roughly what one would expect for neglible screening.

The linewidth of the highest energy peak of hot (¢,A%) luminescence under fsec pulse
excitation has also been studicd. Rossi et al.0 have predicted that coherence effects cause a
dramatic broadening of this linewidth when the injected carrier density excceds about
10" ¢cm™3. Here, no broadening effects were observed as the carrier density was varied from
about 10" cm™? to 2x 10" ecm™3. At the higher densities, therc is a significant background
of band-to-band luminescence underlying the hot (¢,A?) luminescence.!2 Since this background
grows superlinearly with injected carrier density, it was not possible to make a meaningful
measurcment of the linewidth at still higher densitics. Towever, the data docs show that such
coherence effects, if they cxist, are smaller than the conventional contributions to the lincwidth,
and will be hard to observe. (Conventional contributions to the linewidth include inhomoge-
neous contributions from the width of the acceptor level and the valence band warping,!3, 14
and homogencous terms related to the inclastic lifetime of the electron in its nonequilibrium
state and also the hole which is created at the same time.)

In conclusion, it has been shown that a hot electron loses energy to a noncquilibrium “hot”
plasma at a rate several times that for a thermalized “cold” plasma of lower average energy,
probably because of reduced screening for the hot plasma. This reduced scattering needs to be
properly accounted for in modeling any device or physical effect in which a nonequilibrium or
very hot carrier distribution is present.
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Figure 1. Hot luminescence in GaAs:Be for laser excitation with (a and b) a 150
fsec pulse, and with (c and d) a pulse of about 15 psec. A laser power of 10 mW
corresponds to an injected carrier density of about 2 x 10'® cm™3,
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Absorption and refractive index nonlinearities in semiconductor
heterostructures due to real carrier generation are large, but the relatively long
recovery time (~1ns) represents a major problem for fast device applications.
There have been many attempts to reduce the recovery time by optimizing the
design of heterostructures. For example, in structures such as asymmetric double
quantum wells (ADCWs) which consist of different size quantum wells coupled
by a thin barrier, the recovery time of the narrow well excitonic absorption is
controlled by carrier tunneling from the narrow well to the wide well. It was
demonstrated that tunneling of electrons indeed results in fast absorption recovery,
however slow heavy hole tunneling makes it incomplete [1]. Fast electron
tunneling is controlled by longitudinal optical (LO) phonon scattering when the
energy separation between the lowest electronic subbands in the narrow and wide
well is larger than the LO phonon energy. Hole tunneling is slow because the
separation between the hole subbands is usually smaller than the LO phonon
energy and the heavy hole wavefunctions are more localized due to their larger
effective mass. However, resonances between hole subbands efficiently accelerate
hole tunneling [2].

In this paper we report fast and complete recovery of excitonic absorption
in GalnAs/AllInAs ADQWs. We investigated structures which were grown lattice
matched by molecular beam epitaxy on undoped (100) InP substrates. Each
structure consisted of 30 periods of 40 A Gag4Inys3As narrow well/ L, A
A10_481n0_52AS tunnel barrier/ 60 A Ga()_47In0,53AS wide well/ 150 A A10.481n0.52AS
barrier, where L is the thickness of the tunnel barrier and was 27 and 37 A in our
experiment. The widths of the narrow and wide well were designed such that at 77
K the narrow and wide well excitonic absorption peaks were at 1230 and 1340 nm,
respectively.

Time resolved transmission changes in the 1220-1300 nm spectral range
were investigated using a tunable pump-probe setup. A Kerr Lens Modelocked
Ti:Sapphire laser generated a 100 MHz train of 100 fs pulses at 850 nm which
were used to generate carriers in the ADQW samples and to time resolve the
probe transmission. A CW Cr:Forsterite laser provided a probe tunable between
1220 nm and 1300 nm. Time resolution of 100 fs was acheived by mixing the
transmitted probe with the reference pulses from the Ti:Sapphire laser. The
upconverted signal was filtered with a monochrometer and detected by a
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photomultiplier. The probe was tuned to the heavy hole exciton peak of the narrow
well, thus allowing observation of changes in the narrow well carrier population.

(a) ] (b)

L X N L ) . 2 1 . L :
10 20 30 40 30 0 10 20 30 40 80

Time Delay (ps)

Fig. 1. Time-resolved differential transmission data for  the samj)les 40/27/60 (a) and
40/37/60 (b) at different carrier densities - 1.4x1011, 5.6x1011, 1.1x1012 and 2.3x1012 cm™2.

The heavy hole excitonic absorption dynamics at 77 K are shown in Fig. 1
for samples with barrier widths of Lp=27 A (a) and Lp=37 A (b) at different
carrier densities. At low carrier densities the excitonic absorption recovers
completely with a single time constant of 2.4 ps for Lh=27 A and 11.5 ps for
Lp=37 A. At high carrier densities a long lasting component is present in the
absorption dynamics. The experimental data shown here are very different from
previous transmission studies of tunneling in GaAs/GaAlAs ADQWs, where two
time constants were observed at low carrier densities. To elucidate the mechanism
of absorption recovery we calculated electron tunneling times determined by LO
phonon emission, using the formalism developed by Price[3] and taking into
account bandfilling effects for electrons in the wide well. Calculated tunneling
times match those observed in the experiment for different barriers and carrier
densities. Thus we conclude that the recovery of narrow well absorption is
controlled by LO phonon assisted electron tunneling. The same mechanism is not
allowed for heavy hole tunneling since the separation between the highest
subbands in the narrow and wide well is less than the LO phonon energy
(1Q=33.2 meV), and acoustic phonon scattering would result in a long lasting
component in the differential transmission, which was not observed at low carrier
density in our experiment.

Explanation of the absorption dynamics relies on hole bandstructure,
wavefunction localization and excitation conditions in our experiment. We
calculated the hole dispersion in our ADQWs from 4x4 the Luttinger hamiltonian
using the procedure outlined in [4] (see Fig.2 (a)). Bands are labeled according to
their character and localization at the " point. Carriers were generated in the first
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subband of the narrow well (HHN{) with momenta k*0.065A-1 There are no
resonances between any hole subbands in our ADQWs.

| HHY (a) 1 (b)

Energy (meV)

K=0.0 A-'

K(A") Z(A)

Fig. 2. Bandstructure of the 40/27/60 ADQW (a) and narrow well heavy hole wavefunctions at
different in-plane momentum (solid line represents J,=3/2 component, dashed - J,=1/2) (b)

However hole wavefunctions are very delocalized because of bandmixing. Two
wavefunctions corresponding to different momenta are shown in Fig.2(b) for
HHN; subband. Away from the T point bandmixing increases the delocalization
of the J, =+3/2,+1/2 wavefunction components. Thus, hole tunneling from HHN;
subband becomes very fast at k#0. For example, when alloy scattering is
considered, we estimate hole tunneling times to be subpicosecond.

Generation of holes in HHN{ with high momenta leads to the tunneling of
holes to HHW{ on subpicosecond time scale before reaching the bottom of HHN;
subband. Therefore, at low carrier density holes do not appear in the bottom of
HHN; and the changes in the heavy hole excitonic absorption are controlled only
by electron dynamics. However, at high carrier densities bandfilling of HHW1
results in the relaxation of holes to the bottom of HHN{ generating the long lasting
component in the differential transmission shown in Fig.1.
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The mechanism of intersubband relaxation in quantum wells (QWSs) is very important
from a fundamental physics perspective and for device applications. Measurements performed
by infrared bleaching [1-3] and anti-Stokes Raman scattering [4] techniques in n-type QWs
have revealed a relaxation time ranging from less than 1 ps to 10 ps when the well is narrow
enough to make the intersubband transition energy larger than the LO phonon energy. The
differences amongst the experimental results and between theory [5] and experiments can be
traced to different experimental conditions (e.g., the carrier density) and to the influence of
inter-valley scattering, LO-phonon screening and hot phonons. In p-type quantum wells, the
relaxation time is expected to be shorter for several reasons: the density of state is larger and the
bandstructure and the scattering mechanisms are different. A determination of the cooling rate
for holes performed by time resolved photoluminescence yielded a relaxation time of 1 ps [6].
However, these measurements are not direct since both electrons and holes were present. A
direct determination requires that no electrons be photogenerated. Here, we report the first
direct measurement of the relaxation time of holes in p-type quantum wells by the pump-probe
technique using ~ 1 ps pulses generated by a mid-infrared free electron laser.

The samples used in our experiments were strained quantum wells grown by molecular
beam epitaxy (MBE). Because of the significant lattice mismatch between InGaAs and
AlGaAs, a 2 micron thick buffer layer, in which the indium concentration varied linearly from
0 to 30%, was grown between the QW layer and the GaAs substrate in order to obtain high
quality samples. The QW layer consists of 50 Ing 5Gag sAs/Aljy sGag sAs periods. The
In, sGa, sAs well was 4 nm wide and the Aly sGag sAs barrier was 8 nm wide. Thin 5.7 A
thick GaAs smoothing layers were added at the interfaces for optimal growth. Two samples
were grown; one in which the whole quantum well layer was doped by Be and another one
which was undoped to provide a good reference in the linear absorption measurement. The
dopant concentration is 1019 cm3 and the sheet density is thus 1.2x1013 cm2 if all the carriers
are transferred to the wells.

The room temperature FTIR spectrum shown in Figure 1 shows an absorption peak at
5.25 um (220 meV) with a full width at half maximum (FWHM) of 50 meV. The absorption
peak is one order of magnitude wider than in n-type quantum wells. The major reason for this
difference is the very large intrinsic state broadening in the valence band, which is due to hole-
hole scattering and is expected to produce a width of 20 to 30 meV [7]. We attribute the
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absorption peak of Figure 1 to the heavy hole to light hole transition as indicated in the inset.
We calculate that the strain induced energy splitting between the heavy hole state and the light
hole state is A = 150 meV, while the quantum confinement induced energy splitting is 90 meV
at k = 0. As a result the total energy difference between the heavy hole and light hole state is
estimated to be 240 meV, which is consistent with what we observe in the absorption spectrum
(220 meV).

We performed equal-wavelength pump-probe measurements at room temperature near 5
um using the Stanford picosecond free electron laser (FEL). The output of FEL was a
macropulse train with a repetition rate of 10 Hz and a macropulse duration of 3 ms. Each
macropulse was made of a micropulse train with individual pulses separated by 85 ns and of a
duration that is less than 1 ps. The laser was tunable from 4 to 6 um while the pulsewidth
(FWHM) obtained from autocorrelation measurements remained 0.7 to 1 ps, assuming a
Gaussian pulseshape. A single pulse selection technique was used to reduce the thermal effects
during the experiments. The peak intensity of the pump pulse on the sample was varied from

0.3 to 10 GW/cm®.

The change of transmission measured at 5.05 um with a pump intensity of 2.5 GW/cm®
is shown in Figure 2 on a logarithmic scale. Following the treatment of Ref. 8, the data has

been analyzed using the population equations for a two-level system with the relaxation time T
being the only variable. The fits correspond to a relaxation time of 1 ps, 1.5 ps and 2 ps.
Similar experiments have been performed throughout the broad absorption line and as a
function of excitation level. Figure 3 shows the maximum induced transmission as a function
of the relative intensity. The solid line is a best fit assuming a homogeneously broadened two-
level system with a saturation intensity of 3.2 GW/cm2. This saturation intensity is
significantly higher than in n-type quantum wells [1], in part because the absorption cross
section for our p-type sample is 1 order of magnitude smaller than in n-type quantum wells. In
general, the relaxation time increases with increasing excitation level, typically from ~1 ps to ~
2 ps. As is expected from a homogeneously broadened system, the relaxation time appears to
be wavelength independent within the accuracy of our measurements.

In the conduction band, polar LO-phonon scattering is the most relevant relaxation
mechanism for both intersubband relaxation and intrasubband relaxation. In the valence band,
the phonons and the holes can interact through the optical deformation potential, which is more
efficient and less easily screened than the Frohlich interaction. As a result, the scattering time in
the valence band is expected to be shorter than that in the conduction band. The relaxation time
observed in our experiments is longer than 1 ps and therefore it is not likely to reflect the initial
intersubband scattering event (dwell time) [9]. What is measured is the intrasubband cooling of
the hot holes. The holes in the excited subband (light hole subband) are scattered to the heavy
hole subband through optical deformation potential scattering. The intrasubband cooling then
takes place by phonon emission on a 1 ps time scale. The actual situation is more complicated
since hole-hole scattering is efficient and thus the hot holes can cool down quickly by giving
energy to the cold hole reservoir. However, since the excited hole population is a significant
fraction of the total hole population during all our measurements, this process may have only a
limited contribution. The slight increase of the relaxation time at higher excitation intensity may
indicate that hot-phonon reabsorption plays a role. We will present a detailed analysis of these
different factors.

In conclusion, we report the first measurement of the intravalence band relaxation in p-
type quantum wells by the infrared bleaching technique. A relaxation time of ~ 1.5 ps was
observed. We attribute this relaxation time to the intrasubband cooling of the hot holes through
optical deformation potential scattering. We acknowledge support from the US Office of Naval
Research through contracts N00014-92-J-4063 and N00014-91-C-0170.
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Perhaps the most frequently used approach to measuring electron-hole recombination rates in
semiconductors is to examine photoluminescence decay. If the luminescence is at a wavelength
of 1.5 um or shorter, decay can be measured with picosecond time resolution using a streak
camera, photodiode, or photon counting apparatus. Time-resolving photoluminescence in the
mid-infrared is problematic because of the lack of fast photodiodes or suitable photocathodes for
these wavelengths. Excitation correlation (EC) is an alternative to time-resolved luminescence
that requires only slow photodetectors.13 Previously, EC has been used to measure carrier decay
for materials emitting in the visible and near infrared. Here we extend the technique to the mid-
infrared. We describe numerical calculations to derive Shockley-Read, radiative, and Auger
coefficients.

With EC, samples are excited by two short optical pulses separated in time by a variable

amount T. Figure la illustrates the case where excitation pulses are separated by a long time 71
so that there is no temporal overlap between photocarrier populations. The corresponding time

integrated photoluminescence I(t1) is shown in Figure 1b. Figure Ic illustrates the case where

excitation pulses are separated by a shorter time 17 so that photocarrier populations overlap. In
general, luminescence is a nonlinear function of photocarrier density. This means that the level

I(t2) (Figure 1d) is not generally equal to I(t1). Values for recombination constants are inferred
from I(t) with a fitting procedure described below.

optical pulses = 200 fs long at a repetition rate of 69 MHz. The output of the Ti:Sapphire laser is
split into two beams of roughly equal average power. One beam follows a path of fixed length
before it is focused onto the sample. The 2nd beam follows a path of variable length and is
focused onto the same location on the sample. Photoluminescence is collected with a CaFly lens
and imaged onto a cooled InSb photodiode for detection to at least 5 um. Optical beams are

chopped at frequencies of 5vg and 6vq respectively and a lock-in amplifier is used to detect the

signal at the sum frequency of 11vg. This signal is proportional to the change in the integrated
photoluminescence from overlapping populations making the measurement background free.
The time resolution of the system is 200 fs - limited by the optical pulse duration.

To demonstrate EC for mid-infrared materials we examined a multiple quantum well (MQW)
structure with Ga() 75InQ,25Sb/InAs Type II superlattices for the wells. These superattices are of

interest for a variety of infrared applications including detectors and lasers.4# The quantum well
barriers are Al(g.2Ga(.8Sb and a top cladding layer is AlAs(.(085b0.92. The upper clad is
transparent to the 784 nm light from the Ti:Sapphire laser so that excitation generates electron-

f
The experimental set-up is shown in Figure 2. A modelocked Ti:Sapphire laser produces
' hole pairs in the MQW. Luminescence is at 3.2 pm for a temperature of 80K.
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Figure 3 shows the correlation signal for the MQW. The average power in the excitation
beams was 45 mW focused to a 40 um diameter spot (1/e diameter in intensity) so that the

incident photon flux was 2 x 1014 cm2 per pulse. Almost all of the incident photons are
absorbed in the highly absorbing, 0.97 um thick MQW region but the precise distribution of
photocarriers in the wells is not known. If the photogenerated electron-hole pairs are distributed

uniformly in just the first four quantum wells, the density is 2 x 1019 cm™3 in the wells. To
obtain Shockley-Read, radiative, and Auger recombination rates, the data were fit using a

numerical model taking the photocarrier decay to be dn/dt = - cin - con? - cg,n3 with c1, ¢2, and
c3 as adjustable parameters. The best fit was found for ¢2 =c¢3 =0 and ¢l =0.7 ns-! which
implies that the carrier decay is exponential with a time constant of 1.4 ns.
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Figure 3. The excitation correlation and best fit to the data.
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It is now well known that low-temperature-MBE-grown GaAs (LT-GaAs) has a
photoexcited carrier lifetime that is subpicosecond — or at most a few picoseconds — and, when
annealed, outstanding properties in terms of photodetection and gating (i.e., high resistivity,
high breakdown voltage, and reasonable mobility) [1]. The unique behavior of LT-GaAs has
even led to the creation of commercial detector and sampling gate applications based on these
materials. However, due to the MBE growth process, LT-GaAs, is a relatively expensive
material compared with conventional, LEC, undoped GaAs. Moreover, because of the low-
temperature growth, LT-GaAs properties are highly dependent on the MBE conditions (e.g.,
beam equivalent pressure, temperature calibration, efc.) and thus tend to vary from wafer to
wafer, especially for different MBE machines. Furthermore, for the fabrication of MESFET-
based, high-speed photoreceivers, low-temperature growth is not convenient due to circuit
requirements for a localized photoconductive active area (with a high crystal quality and high
mobility maintained in the rest of the device).

A potential alternative to LT-GaAs is arsenic-ion-implanted GaAs, not only because it
uses a process which is compatible with conventional device fabrication, but also because its
preparation cost is much cheaper. The material itself has a number of properties similar to those
of LT-GaAs. For instance, it is non-stoichiometric (and As-rich) within the projection range of
the implantation, and As-implanted GaAs that has been annealed has been found to contain As-
precipitates inside the GaAs matrix [2]. We have measured, for the first time, the ultrafast
photoconductive response for As-implanted GaAs, and also determined that the material has a
mobility and breakdown-voltage behavior that is similar to LT-GaAs photoconductors.
Resistivity, though less than that of LT-GaAs by nearly a factor of 10, has been found to be
adequate for optoelectronic applications. In addition, we have also studied the persistent
photoconductive response of the material — represented by tails on waveforms
optoelectronically-switched with 100-fs laser pulses — versus dc voltage bias.

The substrates employed in the ion-implantation were LEC, undoped GaAs wafers with
resistivity of about 1 x 107 ohm-cm. Arsenic atoms were implanted in the wafers with kinetic
energy of 200 KeV and a dose of either 1015 or 1016 cm-2. After implantation, wafers were
broken into several pieces in order to anneal samples at different temperatures and for varying
times. The most widely studied set of samples were annealed at T o = 200, 250, and 300°C for 1
hour each, and at 600°C for 15 s, 2 min and 20 min.

Transient reflectivity measurements were performed in a standard pump-probe
configuration with 100-fs Ti:sapphire laser pulses at 850 nm in order to investigate which
annealing conditions created materials with a fast carrier response. From the optical
measurements, we have found that when T < 300°C, the GaAs appears to remain in a
polycrystalline or amorphous state even for long anneal times. However, if the sample was
annealed above 600°C, the optical response was typical of a more monocrystalline sample. The
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annealing time then became very critical, since the material needed to have a high enough
defect density to provide ultrafast recombination, but also a low enough active defect density for
the GaAs to have high resistivity and mobility. A range of carrier lifetimes were observed,
although many of the samples exhibited subpicosecond response components (Fig. 1). As a
result, several of the samples have been fabricated with simple detector patterns in order to
measure dark resistance and photoconductive switching response .

The sheet resistance was measured for four of the samples implanted with an As dose of
1016 cm2. The unannealed sample, along with the one annealed at low temperature, had a very
low resistivity, implying that defect densities were so high that hopping conduction dominated
the dark current. However, an increase of almost four orders of magnitude in resistivity was
achieved once the sample was annealed at 600°C for only 15 seconds. Therefore, the last two
samples, which contain As precipitates, likely have a GaAs matrix that is nearly recrystalized,
and they could also be used to measure photoconductive lifetimes.
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Fig. I Transient reflectivity for As-implanted GaAs under different annealing conditions. Symbols are markers.

The photoconductive switching characterization was performed by shorting a dc-biased
coplanar stripline (CPS) with the 100-fs laser pulses. A standard electro-optic sampling
experiment using a LiTaO3 probe was conducted to measure the material detector response [3].
The photoconductive gap had a 20-um separation, and the dc bias on the detector was 5 V.
Figure 2 shows the photoconductive response of the implanted GaAs annealed at 600°C for 15s.
The full-width-half-maximum (FWHM) of the detector response was 1.23 ps, and the 1/e fall
time was 0.64 ps. The switching efficiency, which is proportional to the responsivity, was ~ 2%,
comparable to that of typical LT-GaAs layers and with approximately the same speed. Other
GaAs wafers implanted with different doses and annealed at high temperature also displayed a
similar, picosecond lifetime as in Fig. 2.

Another critical factor affecting the speed and practicality of these and any detectors is
the bias-dependent tail effect. This has already been investigated for LT-GaAs photodetectors,
where for growth conditions optimized for ultrafast response (Tgrowth ~ 200°C, T ~ 600°C in
situ for 10 min) it has been found that significant tails do not appear until bias voltages reach
many tens of volts [4]. Here we have also observed the bias-dependent tail effect for As-
implanted GaAs photodetectors, but for much lower bias voltages. As shown in Fig. 3, a
persistent response is observed immediately as bias is increased above Vp =5 V. When V, was
increased to greater than 20 V, a secondary component of photocurrent significantly increased,
lasting for about 100 to 150 ps. The effect of this persistent tail currently prevents the As-
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implanted GaAs photodetectors from operating at high bias, but it may be possible to engineer
implanted materials to avoid this effect. More comprehensive modelling of LT- and As-
implanted GaAs is underway to determine the cause of the tails in the materials, although the
observation of tails in the response of LT-GaAs which has been grown at higher temperatures
(and thus has fewer defects) suggests a saturation of trapping states. Gallium-related or other
defects that exist in As-implanted GaAs, but not in LT-GaAs, may also be responsible, perhaps
contributing to the re-emission of trapped carriers and the tail response.

In summary, we have measured the first ultrafast photoconductive response of arsenic-
implanted GaAs. With a picosecond lifetime, this material has the potential to be an attractive
substitute for LT-GaAs in optoelectronic applications due to its low fabrication cost. We have
also investigated bias-dependent tail effects in the photoconductive response of the material and
plan to conduct further work to understand and diminish the persistent photocurrent.
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The coming broadband network (B-ISDN) era will require ultrahigh speed technologies not
only for transmission lines, but also for transmission nodes. The goal is to handle signal rates of
more than 100-Gbit/s, so that vast amounts of information including data and pictures, can be
provided to many subscribers through optical fiber cables. To this end, all-optical time-domain
signal processing technologies are being studied for realizing ultrahigh-bit-rate optical time-
division-multiplexing (TDM) transmission systems. They include high-speed picosecond optical
pulse generation, all-optical multi/demultiplexing (MUX/DEMUX) and optical timing extraction
techniques. Here, recent advances in these essential technologies and applications to 100Gbit/s

optical TDM transmission will be described together with major issues and future prospects.

In order to achieve very high-speed optical TDM transmission, it is essential for optical pulse
sources to generate transform-limited (TL) picosecond pulses, namely, < 5 ps chirpless pulses at
repetition-rates ranging from 5 to 20 GHz. In addition, tunable and controllable repetition rates
are required to permit synchronization with other signals.

Harmonic mode-locking of Er-doped fiber (EDF) lasers is promising because it offers pure TL
picosecond pulses and tunable repetition rates and wavelength. By using a single-polarization
cavity, a stable 3.3ps TL pulse with a 0.33 time-bandwidth product was obtained up to 20 GHz
without any bit-error [1]. Also, a wavelength tunability over 7nm was confirmed to optimize
transmission characteristics. Recently, supercontinuum (SC) pulse generation in dispersion-
shifted fiber [2] was demonstrated with EDF laser pumping. This is a novel optical source
applicable for TDM/WDM systems as well as subpicosecond pulse generators. This is because
less than 1-ps pulses at arbitrary wavelengths can be attained by merely filtering the SC spectrum.
Recent 100Gbit/s TDM transmission experiments have been conducted using these pulse

generation techniques.

All-optical demultiplexers (DEMUXs) are key devices for developing optical TDM
transmission systems. To apply the DEMUXs to real communication systems, the following
requirements must be satisfied; fast and stable bit-error-free operation, low control power
suitability for LD or Er-laser pumping, polarization independent (PI) operation, synchronization to
received high-speed signals, and cascadability for multi-output operation.
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So far, error-free DEMEX operation pumped by LD or Er-lasers has been conducted with
various methods such as four-wave-mixing (FWM) switches using long fibers [3] or LDAs [4] as
well as loop mirror switches using fibers (NOLM) [5] or LDAs (TOAD)[6]. Polarization
independent (PI) operation was also realized at up to 100 Gbit/s using a cross-spliced polarization-
preserving fiber NOLM switch [7] or a FWM fiber switch having a polarization rotating mirror
structure [8]. Recently, 100 Gbit/s error-free operation has been demonstrated with a very
compact LDA-FWM switch [9], and 160 Gbit/s with a TOAD switch [10]. Moreover, novel four-
output 100Gbit/s demultiplexing based on multi-channel FWM [11] has been successfully
conducted by applying a linearly-chirped square pump pulse generated from SC pulses.

Timing extraction, which extracts the timed clock from the received optical signals, is one of
the key functions for constructing high-speed optical TDM transmission systems. Requirements
for optical timing extraction include ultrafast operation, low phase noise of less than 1 ps RMS
jitter, high sensitivity and polarization independence.

To date, various timing extraction techniques based on fast photonics have been studied. They
are classified into three approaches: optical tank circuit [12], injection locking [13], and phase-lock
loop (PLL) circuits using a LD amplifier as a fast phase detector [14]. The PLL has the advantage
of permitting, in principle, complete retiming with no phase-error.

Operation speed of the PLL is determined by the response of the phase detector used. By using
all-optical gain modulation in LD amplifiers, a 6.3-GHz retimed signal has been recovered using a
residual 6.3-GHz component in a 100-Gbit/s optical TDM signal [15]. Recently, a prescaler PLL
circuit [16,17] was reported where the prescaled frequency clock of 6.3GHz, 1/16th of 100-GHz,
was directly extracted from the complete 100 Gbit/s signal without 6.3GHz component. This

speed four-wave-mixing process in the LDA instead of gain-saturation. [With this method, the
prescaled frequency clock of 6.3GHz can be extracted from randomly modulated 100 Gbit/s and
200 Gbit/s signals.]

100-Gbit/s optical TDM transmission systems will utilize the above technologies as shown in
Flg.1. They include a wavelength-tunable mode-locked Er fiber laser, a 16:1 MUX made with a
silica-based planar light-wave circuit (PLC), a timing extraction phase-locked loop (PLL) using a
traveling-wave laser-diode amplifier (TW-LDA) as a phase detector, and an all-optical DEMUX
using a polarization-maintaining 3-km fiber loop or a TW-LDA as the nonlinear (Kerr effect or
four-wave-mixing) materials. The Er laser provides stable 6.3-GHz, 3.5-ps transform-limited
(TL) pulses for external modulation, and the PLC-MUX stably multiplexes the 6.3-Gbit/s baseline
signal into a 100 Gbit/s test signal. The PLL circuit extracts a 6.3-GHz prescaled clock from the
received 100-Gbit/s signal, and the all-optical DEMUX demultiplexes the 100-Gbit/s TDM signal

utilizes the harmonic frequency components that the short optical clock possesses and the high
into the original 6.3-Gbit/s signal.
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With these techniques, a 100-Gbit/s optical TDM signal, 16 x 6.3-Gbit/s, was successfully
transmitted 200-km without any bit error through five fibers connected via four in-line Er-doped
fiber amplifiers. These new technologies have the potential to achieve more than 100-Gbit/s
transmission over longer distances and will play a major role in establishing tera-bit

communication networks.
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Fig.1. Experimental setup for 100 Gbit/s, 200 km Optical TDM Transmission
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Semiconductor laser amplifiers (SLA) will play an important role as functional devices for optical signal
processing. The main advantages of these devices are optical gain, compactness and the potential for opto-
electronic integration. Applications of the SLA, in which the operation speed is restricted by the free
carrier lifetime to less than about 10 GHz are studied extensivly /1/. In this paper we report on
applications of the SLA, in which the operation speed is determined by intraband dynamic (spectral hole
burning, dynamic carrier heating) with characteristic times in the femtosecond range. The following
experiments are considered: wavelength- or frequency-conversion of optical data signals, operation as
demultiplexer or all-optical AND-gate, and finally operation as optical-phase conjugator for compensating
deterministic pulse distortions caused by linear fiber dispersion and nonlinear self-phase modulation on the
fiber. All experiments reported here have in common, that they use four-wave mixing (FWM) based on the
ultrafast gain dynamics in SLA which promises data rates in exess of 100Gbit/s.

Fig. 1 depicts a typical FWM-spectrum. Two light waves (output powers Py and P;) coupled into a SLA
cause modulation of gain and refractive index at the beat frequency (the frequency spacing Af) between the
two incident light waves. For small frequency spacings (Af < 10 GHz) the physical mechanism behind
FWM is predominantly carrier density modulation at the beat frequency Af. For large frequency spacings
(Af > 10 GHz), the efficiency for carrier density modulation decreases strongly and modulation of the car-
rier distribution (e.g. spectral hole burning and carrier heating) becomes important /2/. The gain and
refractive index modulations generate two new light waves, (output powers P, and P;) which are
frequency shifted from the two input waves by the beat frequency Af. If one of the two input waves is
modulated (e.g the wave corresponding to P;), one of the newly generated waves (P.;) represents a
frequency shifted and phase conjugated replica of this data signal. The frequency conversion range may
extend over the entire gain curve of the SLA. The maximum frequency shift obtained in our experiments
was 2Af =15THz=120nm .
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Fig. 1: Four-Wave-Mixing Spectrum Fig. 2: Dependence of the components in the

FWM-spectrum on the input power

Fig. 2 depicts the output powers .P-l, Py, Py, P, and the ASE-powers at the wavelengths (A.;, A;) corres-
ponding to the P_; and P,-signals versus the input power P, ;. In this experiment, both input waves were
cw-waves with the same input powers. The resolution of the optical spectrum analyzer is 0.1 nm. Indicated
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in this figure is also the FWM- efficiency, i.e. the ratio P/P);, and the signal to background
ratio SBR = P_;/ ASE (A;). It is evident from the results in Fig. 2, that the FWM-efficiency has a
maximum between -15 and -10 dBm input power and decreases for higher input powers. On the other
hand, the signal to background ratio reveals a steady increase with increasing input power. Several groups
performed studies on the FWM-efficiency /3, 4/ and on the SBR /5/. In a system application the SBR is
related to the signal to noise ratio which determines the quality of the transmission system. Fig. 3 depicts
bit error rate (BER) measurements of a 5 Gbit/s data signal for 3 different SBR-values. The experimental
results reveal that SBR > 20 dB is required for a satisfactory transmission quality at 5 Gbit/s.
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Fig. 3: Bit error rate measurements Fig. 4. Streak camera measurement of a

20 GHz pulse train, and four
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Based on the above described FWM-scheme several wavelength or frequency conversion experiments have
been reported: 25 nm wavelength conversion of a train of 30 ps pulses /6, 7/, 20 nm wavelength conver-
sion of a 622 Mbit/s data signal /5/, 15 nm wavelength conversion of a 18 Gbit/s data signal /8/ and 4 nm
frequency conversion for various high bit rate data signals /9/. In all these experiments the signal was
converted to a shorter wavelength. With optical pulses for both input signals and with one of the newly
generated FWM-components selected by an optical filter, this schema was also used as optical
demultiplexer or AND-gate. A 3 GHz pulse train was demultiplexed to 1 GHz /8/, and a 20 Gbit/s /10/
and a 100 Gbit/s /11/ data signal were demultiplexed. We describe the 20 Gbit/s demultiplexing
experiment in more detail. BER-measurements revealed error free transmission. The bit rate was only
limited by the available pulse width of the signal pulses. The low frequency carrier density dynamics in the
SLA caused an intersymbol interference which gives raise to a power penalty. By an appropriate feed
forward of the injection current into the SLA this penalty was reduced to 2dB and moreover the
demutiplexing efficiency was increased. Fig. 4 depicts Streak camera measurements of a 20 GHz pulse
train (a) and four (b, c, d, €) demultiplexed 5 GHz pulse trains. The extinction ratio was > 20 dB.

As indicated above, the newly generated FWM-components are not only frequency shifted but also phase
conjugated replica of the input data signal. This property of the FWM-scheme was used in transmission
experiments(midway spectral inversion) to compensate for signal deformations due to chromatic dispersion
of the fiber /12/ and due to fiber nonlinearity /13/ .
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The above described FWM-scheme has the disadvantage, that both light signals at the SLA input need to
have the same state of polarisation. There are however other schemes /14, 15/, which for instance enable
polarisation independent frequency conversion. In Ref. /14/ an experiment was reported with polarisation
independent frequency conversion of a 10-channel OFDM signal with a channel spacing of 9 GHz, a mo-
dulation rate of 140 Mbit/s per channel and the corresponding overall signal bandwidth of 90 GHz. BER-
measurements on the 275 GHz frequency shifted OFDM-signal revealed no severe system degradation due
to polarisation fluctuation or cross talk.

Ultrafast four-wave mixing in semiconductor laser amplifiers offers several attractive applications. The
examples reported here include wavelength conversion, demuliplexing and optical phase conjugation. The
technique has the potential for use with bit rates in excess of 100 Gbit/s. Moreover, as this technique is
based on semiconductor devices, it has the potential for monolithic integration on InP to provide compact
and reliable components.
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Recently strong emphasis is put on searching for a large and fast nonlinear optical material to
realize all-optical switching. In fact, ultrafast optical switching is expected to be very important
in future ultra-high bit rate optical network in such a role as an interface between electronic
circuits and optical systems. The multiple quantum well (MQW) structure has attracted much
attention due to its remarkably large optical nonlinearity in excitonic absorption bleaching.
However, absorption recovery in MQWs takes tens of nanoseconds due to the restriction by the
recombination lifetime. This recovery time is too slow in comparison with electronic devices.
We observed a picosecond absorption recovery of circularly polarized light due to electron spin
relaxation in GaAs/AlGaAs MQW.1) We showed that the absorption recovered to the half of the
original value at 16 ps at room temperature.l) Recently, Kawazoe et al. obtained picosecond
polarization full switching in AlIGaAs/AlAs MQW using spin relaxation. They used the
absorption change and obtained a full switching signal by electrically subtracting the signals of
the right and the left polarized light.z) In this paper, we demonstrate the optical gate operation
of a quantum well etalon using its refractive index change due to spin relaxation and the electron
tunneling. The use of the refractive index change enabled us to demonstrate an all-optical gate
operation using a simple method of the optical subtraction between the signals of the right and
the left polarized light.

By matching the wavelength of the circularly polarized pump to the e1-hh1 transition energy
in quantum wells, we can excite the fully spin-polarized electrons from the heavy hole level.
After spin relaxation, populations of up- and down-spin carriers are equal. Optical gate
operation of the etalon is realized by the spin-dependent shift of the Fabry-Perot (FP) peak. Up-
spin-aligned carriers shift only the FP peak of the left circularly polarized light, leaving the FP
peak of the right circularly polarized light unchanged. Similarly to the absorption change, these
two FP peaks reach the same position after spin relaxation. Therefore, when we observe the
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difference between the left and the right circularly polarized components of the probe beam, we
can obtain the picosecond full switching signal caused by spin relaxation.

The structure used for this experiment was a type-II tunneling bi-quantum well (TBQ) as
shown in Fig. 1.3) The merit of the use of the type-II TBQ instead of MQW is the
controllability of the recovery time from the absorption and refractive index changes using the
electron tunneling. The type-II TBQ etalon used here consists of 97 periods of type-II TBQs
with 2.8-nm GaAs quantum wells, 7.1-nm AlAs wells and 1.7-nm AlQ 51GaQ.49As barriers
sandwiched by AlAs/AlQ.25GaQ.75As (64.2 nm/54.4 nm) distributed Bragg reflectors (DBR),
14 periods for the back mirror and 9 periods for the front mirror. We found an e1-hh1 excitonic
peak in the GaAs wells at 744.0 nm and a Fabry-Perot (FP) peak at 753.6 nm with a 3-nm full

width at half maximum.
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Figure 1. The schematic band diagram of the type- Figure 2. Experimental setup with the optical
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We performed time-resolved pump-probe measurements shown in Fig. 2. The time
resolution of our setup is about 5 ps. We tuned the pump and probe wavelengths to the linear
part of the FP peak of the reflection spectrum of the etalon, which means the pumping on the
foot of the e1-hh1 excitonic peak. A quarter-wave plate makes the left circularly polarized pump
beam, while the probe beam is a linearly polarized light. The direction of the polarizer is set
perpendicular to the polarization of the initial probe beam to obtain the polarization switching
signal.

The linearly polarized light consists of equal amounts of the right and the left circularly
polarized light. Then, the intensity, Iperp, of the output-light which is perpendicular to the
polarization of the probe beam can be described as:

Lpep = H(E+ZA NEHZA_ K1—cos(o,—o_ A, —a_ ]

perp ~ 3
< (N, —N_ )2
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where E is the electric field of the initial linearly polarized probe and ¢+ (¢-) and A+ (A-) are the
phase and electric field change of the left (right) circularly polarized component of the probe
beam and N+ (N.) is a density of spin-up (down) electrons. We neglect the effects of hole-spin
polarization, since it decays in less than a picosecond. When a polarizer is set perpendicular to
the polarization of the probe beam, the switching signal with a decay time of (2/Tt+4/T s)'l is
expected, where Tt and Tg are the decay times by the electron tunneling and spin relaxation,
respectively. This method provides us with a simple all-optical switching setup.

Figure 3 shows an all-optical gate operation of the etalon using spin relaxation at room
temperature. The pump pulse energy was 48 fJ/umZ. With the time resolution of about 5 ps, the

decay time of 7 ps was achieved. The experimental decay is consistent with the expected value
of 4 ps calculated by (2/Tt+4/T s)‘1 as the combination of spin relaxation (Ts~32 ps 1)) and the
I'-X tunneling of electrons (Tt=17 ps3)).

Intensity (a.u.)

Figure 3. All-optical switching signal of the type-
II TBQ etalon for the pump pulse energy of 48

i) /um2 at room temperature.

| | T S YU T TS WS A O TOONY |

Time (5 ps/div)

We emphasize that the new setup needs only two additional optical parts, i.e., a quarter-wave
plate and a polarizer compared to the conventional all-optical switching setup. We also note that
our system has a potential for high repetition operationz), since switching signal obtained by a
differential method remains the same as long as we operate it in regions where the optical
nonlinearity is proportional to the pump energy.

To summarize, the all-optical gate operation of a type-II TBQ etalon was demonstrated using
the spin relaxation. A simple optical differential method was also demonstrated for this
measurement. The decay time of 7 ps was obtained by the combination of the tunneling effect
and spin relaxation.

1) A. Tackeuchi, S. Muto, T. Inata and T. Fujii, Appl. Phys. Lett. 56, 2213 (1990).

2) T.Kawazoe, T. Mishina and Y. Masumoto, Jpn. J. Appl. Phys. 32, L1756 (1993).

3) A. Tackeuchi, T. Inata, Y. Nakata, S. Nakamura, Y. Sugiyama and S. Muto, Appl. Phys.
Lett. 61, 1892 (1992).
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Rapid progress in the speed of semiconductor
devices and integrated circuits has been creating a great
need for new testing tools which have a capability of
subpicosecond temporal resolution. Since early
1980s, ultrafast lasers and optoelectronic technologies
have spawned a variety of novel measurement
techniques whose bandwidth approaches the terahertz
regime. One of the most promising optical techniques
to meet this demand is electro-optic sampling (EOS)
[1]-[4]. In the past 10 years, the EOS technique has
become a laboratory standard. It will now move from
in-house technique to widespread engineering use. In
this paper, we review recent developments in electro-
optic measurement techniques for characterization and
diagnosis of ultrafast electronic and photonic devices
and report application results.

The excellent practicability of the EOS technique
arises from its simple measurement principle, i.e.,
optical intensity modulation using electro-optic or
Pockels effect. Recent pulse generation technology
based on semiconductor laser diodes, such as mode-
locked diode-pumped Nd:YLF lasers, gain switched
diode lasers and fiber ring lasers, has demonstrated the
success of this technique around the world. Figure 1
shows a wingless 350 fs from a soliton pulse
generator. All we have to do is just turn on some
switches for the laser diode driver and the optical
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Fig. 1 (a) Block diagram of a soliton pulse
generator. (b) Autocorrelation trace.

amplifier. The most common system embodiments of
the EOS technique are internal-node IC testing (Fig.
2(a)), and impulse response measurement of devices
and ICs (Fig. 2(b)).

The internal-node-waveform prober is a powerful
tool for finding a failure portion in ultrahigh-speed ICs
due, for example, to unexpected geometrical parasitics
when the IC clock frequency increases. Internal-node
voltage signals in a 20-Gbit/s digital IC are traced in
detail using an automated on-wafer IC probing system
based on the external EOS [5] as shown in Fig. 3.
Gate D2 was found to critically determine performance
limits; the output waveform (node (E)) is close to a
malfunction due to clock noise crosstalk and
insufficient voltage swing.
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Fig. 2 Typical EOS system setup. (2) Internal-node
probing system. (b) Pulse response measurement
system.
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Pulse response characterization of devices has been
intensively studied using optical triggering and
probing schemes. This offers jitter-free measurement.
This scheme can be applied to time-domain network
analysis for measuring S-parameters [6]. Two kinds
of ultrafast photonic devices are characterized using the
1.55-um soliton pulse generator of Fig. 1. The first
example is a novel p-i-n photodiode with a multi-
mode waveguide and mushroom structure devised to
achieve both high efficiency and large bandwidth (Fig.
4) [7]. By a Fourier transformation of the time-
domain response, the frequency response of the
photodiode can be plotted by comparing the result
obtained with the conventional network analyzer
whose upper frequency limit is 75 GHz. Another
example is a photoconductive AND gate for an
ultrafast demultiplexer circuit made with low-
temperature grown InGaAs/InAlAs MSM
photodetectors (Fig. 5) [8]. The circuit has a
differential configuration to increase the contrast ratio,
avoiding the signal feedthrough problem. The
expected operation of signal cancellation in the
picosecond regime is confirmed by internally probing
the circuit when it was triggered by the soliton pulse.
(only PD1 was illuminated.) The switching speed of
resonant tunneling diodes is also measured with the
optical triggering and probing schemes. Detailed
results are presented at this meeting.

optical data
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/ PD3 ¥ l feedthrough tout
outpu

(D) L w— (B A signal

' T AL AND signal
+ feedthrough

(b)

Fig.4 Time (a) and frequency (b) characteristics
of waveguide-type p-i-n photodiode (@1.55 pm).
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Fig. 5 Operation diagnosis of a photoconductive
AND gate. (a) Circuit configuration. (b) Measured
pulse-response waveforms.
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Fig. 7 Measured pulse-pattern response of the HEMT
amplifier IC (@64 Gbit/s).

With the increase of IC clock rates, the lack of
high-frequency pulse-pattern generators (PPGs) to
drive ICs has become a serious problem. The speed of
electronic PPGs commercially available is limited to
below 15 Gbit/s. Thus, new optoelectronic techniques
for characterizing ultrahigh-bit-rate ICs have been
developed. The concept of the new optoelectronic
testing is shown in Fig. 6. An optical pulse-pattern
signal generator and an ultrafast optical-to-electrical
(O-E) conversion probe are combined with EOS-based
probing techniques[9,10]. The optical PPG can
generate pulse-pattern signals at an ultrahigh bit rate
and is tunable from 10 to 72 Gbit/s in return to zero
(RZ) mode. These optical signals are delivered to the

O-E conversion probe through low-dispersion optical
fibers, and the high frequency electrical pulse-pattern
signal is generated very near the IC under test. This
system was used for on-wafer large signal
characterization of an ultrawide-band HEMT amplifier.
Figure 7 shows the pulse-pattern response measured
by applying a 64-Gbit/s RZ pulse pattern signal to the
amplifier. The measured output waveforms are
distorted at the rising and falling edges. The measured
gain is 7 dB, which is 1.5 dB smaller than that
obtained with a network analyzer due to saturation.
The distortion and saturation characteristics are
important from a practical viewpoint, and are not
measurable with purely electronic conventional
instruments at rates of over 20 Gbit/s.

In addition to device testing and characterizations
described above, new application areas have been
emerging, such as radiation pattern analysis of an
MMIC antenna [11] and a handy high-impedance probe
for multi-gigahertz printed circuit boards and modules
[12].

In conclusion, we have described recent

developments in electro-optic testing technologies and
their application to state-of-the-art devices and ICs.
The combination of electrical and optical technologies
for signal generation, control and detection will play
an increasingly important role not only in
measurement but also in signal processing. This will
allow us to break through the frequency limit of
electronics.
Acknowledgments: The author would like to
acknowledge the contributions of Mitsuru Shinagawa,
Makoto Yaita, Taiichi Otsuji, Kazutoshi Kato,
Naofumi Shimuzu, Mikio Yoneyama, and Ryo
Takahashi.
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The origin of the fast photoresponse observed below T from current-biased YBa,Cu,0,;
(YBCO) superconducting thin films has been a source of controversy for several years now."®
The photoresponse signals have been attributed to either bolometric (thermal or equilibrium) or
nonbolometric (nonthermal or nonequilibrium) mechanisms. A variety of nonbolometric
mechanisms have been proposed to explain the fast transients, such as nonequilibrium electron
heating' and nonequilibrium-induced changes in the kinetic inductance of the YBCO bridge.***
For laser pulses with durations greater than 5 ps, a kinetic inductance model based on equilibrium
or thermal changes in the temperature of the bridge has been proposed.*

Studying the fast photoresponse of high-T. thin films may reveal important information
on scattering and recombination processes. Pump-probe experiments on YBCO films have
reported picosecond and subpicosecond time constants,”® but interpretation of the results are still
controversial mainly due to uncertainty in the band structure of YBCO. Performing
photoresponse experiments with current-biased samples may provide more direct information on
nonequilibrium processes, but the bandwidth of the oscilloscopes used in these experiments is
usually the limiting factor in the temporal resolution of the electrical transient. Fast
photoresponse signals with widths ranging from 16 ps to 40 ps have been reported recently using

fast oscilloscopes.®**

Electro-optic sampling offers improved time resolution in the
subpicosecond regime, and has been used to study superconducting electronics and pulse
propagation on transmission lines.>'® Recently, electro-optic sampling has been used to show that
laser-induced switching of Pb films from the superconducting to the normal state occurs in less
than 1 ps.!" To our knowledge, the experiments described in this paper are the first electro-optic

measurements of photoresponse transients from a high-T thin film. We have observed transients
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with widths as short as 2 ps (with no slow component afterwards), which is the fastest
photoresponse signal reported to date from a YBCO thin film. _

The YBCO films were deposited epitaxially by laser ablation onto LaAlO, substrates, and
then patterned into a coplanar transmission line structure terminated by a bridge 20 um wide and
100 um long.’ The transition temperature T of the film was 88 K, and the critical current
density at 77 K was about 10° A/cm®. The samples were mounted in vacuum on a cold finger
cooled with liquid nitrogen (77 K). A LiTaO; crystal for electro-optic sampling was placed over
the coplanar transmission line about 100 um from the end of the bridge. The bridge was
illuminated by 150 fs, 790 nm pulses from a mode-locked Ti:sapphire laser with a repetition rate
of 76 MHz. The average beam power incident on the bridge was about 2 mW, and a spot size
of 15 um gave a fluence of about 20 pJ/cm?.

Figure 1(a) shows a fast photoresponse signal with a width of 2 ps from a 100 nm YBCO
film. As the bias current is increased, as shown in Fig. 1(b), the amplitude of the fast transient
increases and a slow tail appears with a decay just under 10 ps. At larger bias currents, as in
Fig. 1(c), the amplitude and decay time of the tail become larger.

We believe that the fast response seen in Fig. 1(a) arises from a change in kinetic
inductance of the bridge induced by the laser pulse. The duration of the transient suggests that
net pair-breaking in YBCO occurs within 2 ps after the incident laser pulse. We are currently
performing additional experiments to investigate the exact nature of the fast response and slower
tail. The fast response shown here also makes YBCO thin films useful as high-speed
photodetectors operating above 100 GHz.
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Fig. 1. Photoresponse signals seen from a 100-nm
YBCO film at bias currents of (a) 30 mA, (b) 45
mA, and (c) 57 mA. The width of the fast transient
in (a) is 2 ps. Notice the slower tail developing
after the fast transient in (b) and (c). The bridge
was 20 um wide and had a length of 100 um. The
sample was cooled to 77 K using liquid nitrogen.
Sampling of the transient was performed at a
distance roughly 200 um from the excitation pulse.
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Recently, several optoelectronic phase lock schemes have been demonstrated to meet
the demand of synchronizing the target voltage-controlled-oscillator to the harmonics of
optical probing pulses [1-4]. In reality, the microwave signal under test might be
free-running and originated from a monolithic microwave integrated circuit (MMIC). In
this work, we demonstrate optoelectronic phase tracking and electro-optic sampling of
the microwave signal from a free-running oscillator. Gain-switched semiconductor lasers
are employed. This system has potential applications for on-wafer testing of MMIC's.

The experimental apparatus consists of an optoelectronic phase lock loop (OEPLL) [5]
and an electro-optic (EO) sampler as shown in Fig. 1. A sweep oscillator (HP3350B)
operating over a range of 0.01 to 20 GHz simulates as a free-running oscillator on a
MMIC. The frequency variation of the sweep oscillator output with time is roughly a few
hundred kHz in a 10-min period. In the OEPLL, a gain-switched laser diode (LD1, A=0.8
um) generates a train of 50-ps pulses at an average power of 0.3 mW. It is focused on
the gap of a GaAs photoconductive switch. The microwave signal at frequency fm biasing
the switch is mixed at the switch with the harmonics of the optical pulse train and
produces a desired intermediate frequency (IF) signal through a low pass amplifier.
This IF signal is then used as the external reference source of the lock-in amplifier
for electro-optic sampling. An error signal obtained by comparing phase of the IF
signal to a reference is sent to a voltage-controlled oscillator (VCO, HP8640B) via a
loop filter. The repetition frequency of LD1 is controlled by the VCO. When the phase-
tracking condition is achieved, the frequency of the VCO should be f, = (f, + fip)/N,
where f is the microwave frequency and N is an integer. Another InGaAsP/InP laser
diode (LD2, A = 1.3um) for reflective-mode electrooptic sampling is gain-switched by the
same VCO as used in the OEPLL and producing an optical pulse train with an average power
and pulse width of about 1 mW and 40 ps, respectively. The microwave signal from the
HP8350B is sampled by first mixing with the harmonics of the laser pulse from LD2 and
down converts to the IF signal in a GaAs microstrip transmission line. One interesting
feature of the present system is that the optical delay line is located in the OEPLL
system. As a result, the fluctuation of the EO signal due to positioning of the probing
beam (A=1.3 pum) is significantly reduced. The phase and the amplitude of the microwave
signal is measured using a low frequency lock-in amplifier with the external reference
frequency provided the OEPLL. A stable phase and amplitude signal can thus be observed
on the lock-in amplifier when the phase of the microwave signal has been tracked by the
VCO.

A low-frequency oscilloscope is then used to display the signals from the reference
IF source, and the waveform of the microwave signal via a low frequency replica. The
time base of the oscilloscope is triggered by the reference IF. If phase tracking is
achieved, clean waveforms from these signals can be observed. In this work, the phase
of a free-running microwave signal up to 20 GHz has been successfully tracked by tuning
the repetition frequency of the LD1. The tracking range of the OEPLL is 100 kHz. The
key component which allows phase tracking of the VCO to the free-running microwave
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signal is the laser activated photoconductive harmonic mixer (PCHM) biased with the
microwave signal. The conversion loss of the PCHM from the microwave input signal (RF)
at 500 MHz down to the IF output signal at 100 kHz is measured to be 38.5 dB. The root
mean square (RMS) noise density of the IF signal under the same condition is 0.42
puVVHz. At 20 GHz, the conversion loss increases to 69 dB. This is a result of
bandwidth limitation imposed by both the laser pulses and the photoconductive response.

In the electro-optic sampler, the downconverted IF signal from the electro-optic
sampler at 100 kHz is 0.765 mV in response to a microwave signal power of 4 dBm at 500
MHz. This corresponds to a throughput from RF to IF of -62 dB. The IF signal decreases
as the frequency of the microwave signal increases. This can be explained by the
bandwidth limitation imposed by the laser pulses. To improve the signal-to-noise ratio,
a bandpass filter of which the center frequency can auto-track that of the reference
input is utilized. The passband (between 70% pass points) of the filter is chosen to be
1/5 that of the center frequency. With the filter operational, the rms noise density
for the IF signal drops to 1.6 uV/&J;. A gain-variable amplification stage follows the
filter before the IF signals is fed to the phase detector (PD).

Figure 2 illustrates typical down-converted electro-optic sampled waveform of the
free-running microwave signal at 20 GHz. The sideband power spectrum for the VCO has
also been monitored as one increases the frequency of the free-running microwave
signals. This is shown in Fig. 3. The signal-sideband phase noise density of the
phase-locked VCO at 500 MHz is about -70 dBc/Hz at a frequency offset of 5 kHz. It
decreases to be -85 dBc/Hz for the microwave signal near the 40th harmonics, or 20 GHz.
It is apparent that the phase locking performance of this system improved as the
microwave frequency increases. In summary, phase-tracking of free-running microwave
signals can be accomplished without requiring any electrical contacts between the
microwave test circuit and other components of the sampling system in the present
scheme. This is advantageous to previously reported electro-optic sampling systems
which employ conventional electronic or optoelectronic phase-locking techniques. It is
thus particularly suitable for measurement of circuits with free-running internal
oscillators.
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Coplanar waveguides (CPW) are attractive transmission lines for monolithic microwave integrated
circuits due to low dispersion and easy integration with planar devices. Due to the presence of two
ground planes, both the quasi-TEM symmetric CPW mode and non-TEM asymmetric slotline
mode can propagate, as shown in figure 1. To suppress the unwanted slotline mode, airbridges are
used' to connect the ground planes on either side of the central conductor at discontinuities in the
waveguide which would mix the modes. The use of airbridges in microwave circuits is well-
established, and they have been studied>* both experimentally and numerically at frequencies up to
~100 GHz. Recently, coplanar transmission lines and waveguides with bandwidths up to
~ 1 THz have been demonstrated.* In this paper, we study the generation of mixed modes on
CPW and their suppression by airbridge structures, using electro-optic sampling of picosecond
pulses generated by ultrafast photoconductive switches.

(b)

Figure 1. (a) Symmetric (CPW) mode and (b) asymmetric (slotline) mode in coplanar waveguide.

Coplanar waveguides with central conductor width of 20 pm and separation between ground
planes of 10 wm were formed on low-temperature GaAs.” Interdigitated photoconductive switches
with 1 um fingers and gaps were fabricated. The switches were biased by additional CPW
structures, so that in the absence of the airbridges, the ground planes were not connected in the
region of the switches (see figures 2 and 3).

Figure 2. SEM micrograph of airbridges on CPW.
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Electron-beam techniques allow fabrication of airbridges with large clearance over the substrate and
well-controlled cross-section (and hence high mechanical strength and low electrical resistance).®
The two-stage resist process employs linear grading of the electron beam dose and reflow at
120 °C to control the resist profile. Metallisation consisted of 20 nm NiCr, 1.6 um Ag and
100 nm Au. The bridges were 20 um wide with a span of 50 um. The clearance between center
conductor and airbridge was =~ 4 um. A scanning electron micrograph of one of the airbridge
structures, together with CPW and switches, is shown in figure 2.

The pulse propagating in the CPW was measured using electro-optic sampling, with an external
electro-optic probe tip positioned at varying distance from the generating photoconductive switch.
The electric field across both gaps of the CPW was measured; i.e. on the same and the opposite
side as the photoconductive switch as shown in figure 3. The measured pulse for the CPW without
airbridges is shown in figure 4. The electric field in each of the gaps differs by a factor of = 2, and
this difference persists over several mm. Structure associated with the symmetric and asymmetric
modes is clearly seen in the pulses.
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Figure3. lllumination and sampling position in CPW Figure 4. Pulse propagating in CPW due to illumination
of one of the photoconductive switches.
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Figure 5. Illumination and sampling position in CPW  Figure 6. Pulse propagating in CPW with airbridges
with airbridges. linking ground plane in vicinity of generating switch.
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Figure 6 shows the pulse propagating in the CPW with airbridges, in the geometry shown in figure
5. The electric field measured in each of the gaps is almost identical, apart from a small difference
at the shortest propagation times which may be associated with the finite distance between the
switch and the airbridges. This indicates that picosecond pulses can be launched on CPW and
propagated in the quasi-TEM mode. Pulse broadening is dominated by radiation due to the
mismatch between the dielectric constants of the semiconductor substrate and air superstrate.

The airbridges present impedance discontinuities which may cause parasitic effects depending on
the location and size. The effect of the discontinuity on a propagating pulse was measured in the
reflectance geometry shown in figure 7, and the pulses incident on and reflected from the airbridge
are shown in figure 8. The reflected pulses are indicated by the arrows. The magnitude of the
reflection is small (approximately 2 % of the incident pulse) and is approximately consistent with
the reflection expected from the parallel-plate capacitor formed between the center conductor and
the overlapping region of the airbridge.
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Figure 7. Measurement of reflectance from Figure 8. Pulse incident on and reflected from

parasitics associated with an airbridge. airbridge structure. Successive traces (offset for
clarity) represent different positions of probe.
Arrows indicate reflections due to airbridge.

In conclusion, picosecond pulses can be generated on CPW and propagated in the quasi-TEM
mode if the slotline modes are suppressed using airbridges. Parasitic effects of the airbridge on
pulse propagation are small. The airbridges are mechanically strong and reliable.
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We report the first direct and nonintrusive measurement of single-flux-quantum (SFQ)
pulses propagating on a superconducting microstrip line. We present and discuss experimental
results obtained with reflective electro-optic (EO) sampling.

The superconducting SFQ pulse is the basic information “bit” of several new families of
digital logic. SFQ logic promises digital, large-scale, integrated-circuit clock rates of hundreds of
GHz, much faster and with much lower power dissipation than semiconductor technologies.1

An SFQ voltage pulse is generated when a quantum of magnetic flux passes through a
Josephson junction. The pulse area is quantized: the time integral of the voltage is exactly equal to
h/2e, which is 2.07 mVeps. This pulse exceeds traditional measurement resolution-bandwidth
limitations, and until now, the temporal evolution of an SFQ pulse has never been experimentally
measured. Nevertheless, SFQ pulses are commonly generated, processed, and detected in many
different digital and analog superconducting circuits.

We have experimentally measured the temporal evolution of superconducting SFQ pulses
using a cryogenic reflective EO sampling system. Single-pulse height was measured to be 0.67 mV
high by 3.2 ps wide. The time integral of multiple voltage pulses was consistently an integer
multiple of flux quantum, h/2e. The sampling system has ~200-fs time resolution and, with
averaging, achieved noise levels below 70 LV rms.

The SFQ pulses were generated by using a planar interdigitated Nb/Si/Nb metal-
semiconductor-metal photodiode2 as an optoelectronic switch on a superconducting microstrip
line. The diode produces a sawtooth-like pulse with subpicosecond rise time. Diode recovery time
is of the order of tens of picoseconds. Pulse height is adjustable, determined by the amount of laser
radiation applied. The diode drives a Josephson transmission line (JTL) “pulse shaper” consisting
of two Nb/AlOx/Nb Josephson junctions. The resulting SFQ pulses were launched onto another
superconducting microstrip and were detected noninvasively by electro-optically sampling the
microstrip fringing field.

SFQ circuits typically use microstrip-line interconnects that restrict most of the signal
energy between the strip line and ground plane. This makes nonintrusive measurement of the
fringing fields from the interconnects3-4 very difficult. At the University of Rochesterd early use
of EO sampling to measure the response of Josephson junctions to picosecond transients was
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partially successful: The junction turn-on delay and rise time were accurately determined, but
Josephson oscillations were not conclusively resolved.

Our EO sampling system5 is modified for measurement of devices located in a cryogenic
dewar. A lithium tantalite crystal is bonded to the device under test. A Ti:sapphire laser with
~150-fs pulses is used for pulse excitation and sampling. The excitation beam is frequency doubled
to pass through the crystal to activate the MSM diode. The 800-nm sampling beam passes through
the EO crystal and is reflected at the chip surface by a dielectric coating.

Extensive signal averaging is required to obtain the submillivolt sensitivity needed to detect
the fringing field produced by the microstrip line. We restrict our observations window to 50 ps,
corresponding to an experiment duration of about 10 min.

Figure 1 shows a sequence of our measured results. In Fig. 1(a), the diode responds to the
light excitation within a fraction of a picosecond and recovers to its nonconducting state in 26 ps.
Figure 1(b) shows the two-junction JTL response when the light intensity is just enough to
produce a single SFQ pulse, with an observed width of 3.2 ps and maximum height of 0.67 mV.
When light intensity is increased, multiple flux quanta are generated. Figure 1(c) shows an
example of three generated SFQ pulses, with the first two closely placed and the third entering
about 6 ps after the second.

Figure 1(b) shows that, for the first time, an isolated SFQ pulse has been directly identified
by time-domain measurements. Time integration of this pulse is shown as the dotted line in
Fig. 1(b). The integrated value of 2.1 mV-ps corresponds to the value of one flux quantum, h/2e.
Similarly, the result in Fig. 1(c) is integrated and shown to contain three discrete flux quanta. It is
interesting to note that, aside from magnetic-field quantization and microwave-induced step
measurements, our results can be viewed as a third confirmation of the paired-charge quantization
in superconductors.

An immediate application of our system is in the time-domain design verification of SFQ
circuits. Single logic blocks can be activated with the pulse, and their functional delay times and
response times can be measured with picosecond accuracy. Interconnect dispersion characteristics
can also be easily measured up to a terahertz. Multiple switching pulses can also be provided for
testing circuits requiring multiple inputs.

In conclusion, we have demonstrated one method of optoelectronically creating and
detecting an SFQ pulse with subpicosecond and submillivolt resolution. The pulse was generated
using a two-junction Josephson pulse shaper fed by a Nb-Si-Nb MSM photodiode. The pulse
measured with a cryogenic EO sampling system had a 0.67-mV amplitude and a 3.2-ps width. The
calculated pulse integral of 2.1 mV-ps verifies that the measured signal was indeed an SFQ pulse.

This research is supported by University Research Initiative at the University of Rochester
sponsored by the Army Research Office grant No. DAAL03-92-G-0112. C.-C. Wang
acknowledges support from the Frank Horton Graduate Fellowship Program.
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Fig. 1 (a) Response of Nb/Si/Nb MSM
photodiode. Pulse amplitude is
determined by illumination intensity.

(b) Response at output of JTL, when
output from photodiode is just enough
to produce a single SFQ pulse,
indicated by time-averaged integral of
~2mVeps.

(¢) Response at output of JTL, when
output from photodiode is increased
enough to produce three SFQ pulses,
indicated by time-averaged integral of
~6mVeps.
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Resonant tunneling diodes (RTD's) have
been intensively studied for their application
to ultrahigh-speed/frequency circuit
components such as oscillators [1],
triggering devices [2], and pulse generators
[3]. Switching time from peak to valley in
the negative resistance region is one of their
important characteristics from a practical
viewpoint as well as being of physical
interest[4]-[9]. Since the RTD's switching
time has already outpaced the capability of
electronic sampling oscilloscopes (7-ps
resolution) to measure it, an electro-optic
sampling (EOS) technique has been
commonly used.

Two types of EOS-based methods have
been reported for measuring RTD's
switching time. One is the optical triggering
scheme. In this, an ultrafast
photoconductive switch was wire-bonded to
the RTD chip to trigger the device, and the
response was measured by using a hybrid
EO modulator [6] or a superstrate EO
modulator [7]. Although this scheme is
principally jitter-free, the signal-to-noise ratio
(§/N) of measured waveforms was not
sufficient to deduce accurately a 10-90%
transition time due to excess laser noise. In
addition, the obtained switching time was
much shorter than theoretically estimated
because the experiment may have been done
under overdrive conditions [6]. The other
method is the radio-frequency (RF)
synchronization scheme. The RTD was
driven by a sinusoidal signal from a
synthesizer electrically synchronized to the
repetition rate of the laser source, and the
voltage step pulse-forming structure was
measured by direct or external EOS [8],[9].
This method yielded switching times
consistent with estimated ones. The effects,
if any, of timing jitter of the laser and the

synthesizer remain unknown factors in
determining the switching time when this
reaches an order of 1 ps.

This paper introduces a new, practical
scheme to accurately measure the switching
time of ultrafast RTD's. Figure 1 shows the
experimental setup. The pulse laser source
used was an extremely low-noise, stable
soliton pulse generator producing wingless

pulses of less than 400-fs width at 1.55 pm
[10]. The laser beam was divided into two
beams: one triggering an 18-GHz photodiode
followed by an attenuator, pulse amplifier
and low-pass filter, and the other
synchronously sampling the RTD response
to the triggering pulse. There was virtually
no jitter. One of the differences between this
scheme and conventional optical triggering
was that the magnitude and slew rate of the
drive signal could be optimized by using the
attenuator and the filter to switch the RTD's
under practical operating conditions, thus
avoiding overdrive. Another important
feature was that the photodiode bias voltage
was electrically modulated with a 100%-
modulation depth to allow a narrow-band
lock-in detection. In contrast to the usual
mechanical choppers inserted in front of the
photodiode, phase stability of the reference
signal was greatly improved. Consequently,
at least a 10-dB enhancement in the S/N ratio
was achieved. An external on-wafer EOS
system with a highly-sensitive CdTe probe
tip was employed to probe the RTD
response. The probing point could be placed
very close to the RTD to eliminate the
dispersion of the electrical signal travelling

along the 50-Q transmission line.
Additionally, the repetition rate and the duty

factor of the triggering signal was 500 MHz
and less than 10%, respectively. This
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reduced the power dissipation of the RTD
below that of the RF synchronization
scheme. This feature will be useful for
measuring ultrafast RTD's having higher
peak current density, because possible
device-heating problems can be avoided.

This measurement setup was used to
measure the switching time of RTD's in the
InGaAs/AlAs material system, which is one
of the most promising systems for
integrated-circuit application with respect to
speed and voltage swing availability. The

RTD was fabricated at the center conductors

sandwiched between the 50-Q transmission
lines. Detail of the device fabrication will be
reported elsewhere. As shown in Fig. 2, a
100-ps wide electrical pulse with a 1.26-Vp-
p amplitude (a) was applied to the RTD, and
the pulse-forming response (b) was then
measured. Barrier thickness, well thickness,
emitter size, and peak current density of the
measured RTD were 2.0 nm, 4.1 nm, 2x §

pum? and 1.2 x 105 A/cm?2, respectively.
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Fig. 1. Setup for measuring the switching time of ultrafast RTD's. To ensure good measurement
reproducibility while eliminating the need for optical alignment as much as possible, optical
components are connected by using low dispersion optical fiber cables.
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Fig. 2. Measured waveforms of InGaAs/AlAs RTD's. (a) drive pulse, (b) overall RTD response,
(c) peak-to-valley transition, (d) schematic switching trajectory in the I-V curve.

The obtained S/N ratio was at least 50 dB
for the 1 Vp-p signal. Changes in waveform
against repetitive measurement were within
the noise level. The waveform structure
agreed well with Whitaker's analytic
representation [6]. Thus, both peak-to-
valley and valley-to-peak transitions occurred
at rising and falling edges of the drive pulse.
The transition from peak to valley points was
precisely measured as shown in Fig. 2(c).
The 10-90 % fall time was as small as 4.1
ps, which appears to be shortest ever
measured in InGaAs/AlAs RTD's. Other
devices with the same device parameters on
the wafer were shown to have almost the
same switching time. This value was
consistent with the theoretical switching time
of 4RC (about 4.8 ps), where R and C are
the average negative resistance and the device
capacitance, respectively [4]. By increasing
the peak current density while reducing the
barrier thickness, the switching time of the
InGaAs/AlAs RTD's may be shown to be
decreased further in the near future.

In conclusion, we have presented a
practical method for accurately characterizing
the switching properties of RTD's. This
method is effective for ultrafast RTD's
having high peak current densities, such as

those found in InGaAs/AlAs and InAs/AlISb
material systems.
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Research in the field of high speed optoelectronics has resulted in a number of
possible applications that could have impact in the "real-world". At present, however,
commercially available ultrashort pulse optical sources are generally expensive and
bulky, and have large electrical power and cooling service requirements. This limits
present applications of ultrafast technology to primarily scientific markets. In order to
widen the impact of these technologies, new sources have to be developed that are
commensurate with a wider range of applications within large markets. For many
applications, it would also help if they could be made to resemble electrical power
supplies. Figure 1 shows an application for ultrafast optoelectronics that nicely illustrates
the problem: optical clock distribution. In the implementation of complex multi-processor
systems with clock rates in excess of 500 MHz, it is likely that optics can provide systems
advantages in low-jitter and low-drift clock synchronization.

Electronics designers take for granted the existence of electrical power supplies when

Figure 1. Example of high speed optoelectronics application
requiring a "real-world" short pulse optical source.

designing such systems. It is clear that if short-pulse optical power supplies existed in
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such a form, it would be very much more likely that they would be used in the "real-

world".

A number of approaches are currently being investigated with the goal of

achieving the required combination of parameters such as compactness, pulsewidth, fiber-

coupled average power, wavelength, efficiency and environmental stability. Figure 2
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Figure 2. Approaches to the compact short pulse optical power supply.

summarizes the three major approaches. Figure 2a shows an approach wherein a laser

diode is either gain-switched

or modelocked, then amplified before coupling to a fiber.

Figure 2b shows the diode-pumped solid state laser approach, and Figure 2¢ shows the

diode-pumped fiber laser approach. It is commonly thought that any such source could

only be made from laser diodes, since they are the most compact optical sources yet

developed, however the combined requirements of high average power, short pulsewidth
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and single-mode fiber-coupling are difficult to achieve with all-diode systems. We will
discuss this problem.

There have been recent laboratory advances in all-solid-state ultrafast lasers in the
direction of increased compactness and lower power requirements. Although several
research groups are working in this area, big laser companies do not appear to be moving
aggressively in this direction. Part of the problem is illustrated in Figure 3. In the absence
of "real-world" sources, the emergence of "real-world" applications will be slow. On the
other hand, in the absence of applications that address large markets, companies will be

reluctant to pour money into development of such sources.
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\) "There are no real-world
/ sources"
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"Who wants to suggest an application
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in making real sources when
Figure 3. The Ultrafast "Catch-22"
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In this presentation, we will discuss the general requirements for ultrafast optical
power supplies. We will also point out that many applications for ultrafast technology,
(and perhaps the most important from a market point of view) actually are not what are
generally thought of as high speed applications, although they require high speed

technology.
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Compact and efficient sources of ultrashort, high power optical pulses will play an important role
in novel technologies ranging from x-ray generation for photolithography, high spatial resolution medical
imaging, and high speed measurement and characterization systems. In this talk, we present the first results,
to our knowledge, of an ultrafast semiconductor laser diode system which is used as a seed source for a
flashlamp pumped Cr:LiSAF regenerative amplifier system.

The experimental setup is illustrated in Fig. 1. Ultrashort optical pulses are generated from a
hybrid modelocked external cavity semiconductor diode laser system. The system is capable of generating
optical pulses with temporal durations of 200 femtoseconds in duration with pulse energies on the order of

30-35 picojoules [1]. The system consists of a GaAs/AlGaAs semiconductor traveling wave optical
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amplifier in an external cavity with a GaAs/AlGaAs multiple quantum well rear reflector which serves as a
saturable absorber. The external cavity diode laser is excited with both d.c. currents and ~ 1 watt of r.f.
current at a frequency of 274 MHz, corresponding to the longitudinal mode spacing of the external cavity,
to achieve hybrid modelocking. The generated optical pulses are passed through an optical isolator and
injected into a second semiconductor traveling wave optical amplifier to increase the optical pulse energy to
~ 75 picojoules. The pulses are then stretched to 120 picoseconds using a standard grating pulse stretcher
and injected into another semiconductor optical amplifier to select every fifth pulse from the pulse train.
This initial pulse slicing was performed prior to the main regenerative amplifier pulse slicer to reduce the
diode laser system repetition rate to be compatible with the regenerative amplifier system pulse slicer. It
should be noted that owing to the hybrid modelocked nature of the diode laser system, direct electrical
triggering of the regenerative amplifier pulse slicer can be employed, avoiding the use of a fast
photodetector to provide triggering pulses. The final pulse selection is performed by a standard Pockel’s
cell and injected into the regenerative amplifier which consists of a linear cavity configuration and a pulse
slicer placed at the output coupler of the regenerative [2]. The single selected pulse is the directed to a
pulse compressor and diagnostics.

The amplified single pulse along with the rejected pulse train is shown in Fig. 2. These results
were obtained by injecting ~ 40 picojoule pulses from the diode system into the regenerative amplifier. The
rejected pulse train shows that ~ 55 round trips are required for the injected pulse to reach maximum gain.
The single selected pulse energy was measured to be 1.25 m], representing a gain of over 30 million. The
amplified single pulse spectrum in shown in Fig. 3, showing the injected diode laser wavelength at 841 nm,
with the spontaneous emission peak of the Cr:LiSAF at 848 nm. Gain narrowing of approximately a factor
of 2 is experienced in the amplification process owing to the large gain factor.

In conclusion, we have demonstrated the first experiments, to our knowledge, of a femtosecond

diode laser system seeding a flashtamp pumped Cr:LiSAF regenerative amplifier system, producing
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subpicosecond optical pulses with millijoule pulse energies. This laser system has the potential to replace

ion laser based ultrafast, high power laser systems.
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Ultrashort laser pulses have always had a central place in the study of high-speed phenomena
as well as in applications involving very high data rates. Here, we present an application of
femtosecond laser pulses that is not directly related to high speed, but rather makes use of the
large spectral bandwidth of short pulses. Conventionally, wavelength-division-multiplexed
(WDM) systems utilize a separate laser for each WDM channel. For systems with many
channels the wavelength of each laser then needs to be controlled and stabilized individually to
assure that the emission wavelength coincides with the pre-assigned WDM channels. This need
for multiple, frequency-stabilized sources is a considerable problem for any WDM systems.

Our approach overcomes this problem by use of a single femtosecond laser source with a
broadband spectrum covering all WDM channels simultaneously. For example, a 100 fs laser
pulse has 3 THz spectral bandwidth, enough for 30 channels spaced at 100 GHz. The spectrum
of the femtosecond pulse is "sliced" by a passive filter in order to define the WDM channels.
Each one of these WDM channels is modulated by a linear modulator array at the repetition rate

of the laser.

{ Gratings }

2x16 channel 2x16 channel
MQW Modulator Array MQW Receiver Amray

Fig. 1. Left: Experimental apparatus to implement femtosecond WDM at 850 nm. Right: Linear
16 channel reflection-mode modulator array.

The experimental setup used in our femtosecond WDM experiment is shown in figure 1.
The transmitter consists of a 1200-line/mm diffraction grating placed one focal length in front of
a f=50 mm laser diode collimating lens (Melles-Griot 06 GLC 006) and a 16-channel relection-
mode modulator array placed at the focus of the lens. The receiver side has a similar
configuration with the modulator array replaced by a detector array. The femtosecond pulse from
a self-focusing modelocked Ti:Sapphire laser with 9 nm (3.7 THz) spectral bandwidth centered
at 850 nm is spectrally and spatially dispersed by the diffraction grating and focused onto the
linear modulator array by the collimating lens. The spectral dispersion of the apparatus is given
by dx/dA=f/(d-cos6), where f, d and 6 are the focal length of the collimating lens, grating
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period, and the diffracted angle, respectively. For our setup, dx/dA = 120 ym/nm. The beam is
focused to approximately 10 pm vertically on the modulator array and the spectrum is spread out
to roughly 1 mm, which is a little longer than the total length of the modulator array.

Figure 1 (right) shows a photograph of the 16 channel reflection-mode modulator array used
in our experiment. It consist of 32 multiple quantum well (MQW) diodes working in pairs in a
differential mode. Each modulator has two MQW diodes in series biased at approximately
8.4 V. The data signal is injected at the midpoint between the diodes and swings between zero
and approximately 7 V. The size of each quantum well diode is 20x20 um with 5 pm spacing.
This linear array also works as a passive filter which defines the 16 WDM channels on the
spectrum of the femtosecond pulse. Each channel has approximately 115 GHz (0.28 nm)
channel bandwidth defined by the 20 um width of the MQW diode. On the modulator, each
channel is modulated individually and reflected back along the input path. The modulated
signals are recollimated spectrally and spatially by the lens and grating, picked off by a beam
splitter, and transmitted to the receiver setup

Moduiator Za through a fiber or in free space.

osf VY . M\N\N\M[WW . )
. M o, Figure 2 shows the spectrum of the light
o o-wmé-;é«;;g-ggm o5 reflected back from the modulator array. It
shows the reflectivity change for three
channels (7, 8, and 9) modulated at different
logic states “1” (solid line) and “0” (dashed
line). The logic signals are encoded
differentially, with the reflectivity of the left
0_8:50 0. 8'51 0852 | MQW diode (A) enhanced compared to the
Wavelength (um) one on the right (B) for a logic “1”, and vice
versa for a “0”. Because the modulator array
“1” (solid line) and “0” (dashed line), is not mechanically pi.xelated, the optic%ll
respectively. On top we schematically show crosstalk between adjacent channels is

the differential quantum well modulator with approximately -5 dB.  However, we have
two MOW diodes, A and B. The inset shows| shown that pixelation leads to a 30dB
the 3.7 THz spectrum of a 85fs pulse| reduction in optical crosstalk.

modulated by the linear array with all 16
channels set to the logic state “1”.

Refertert Sigrad

Fig. 2. Three channels modulated at the logic state

The system performance is
demonstrated by modulating a single
channel at the repetition rate of the laser (approximately 82 Mbit/s) and transmitting the
information in free space to a single-ended APD receiver. The result is shown in Fig. 3. The
NRZ modulation signal is shown on top. The optical power incident on the modulator is
approximately 100 uW. The received signal is shown at the bottom of Fig. 3. The modulation of
the pulse train is clearly visible with contrast ration of 3:1. This low contrast ratio results from
the single-ended detection and can be improved by using a differential receiver.

Even with the rather low contrast ratio, figure 4 shows an open eye pattern indicating error-
free operation at 82 Mbit/s for 100 uW optical power incident on the modulator. In fact, the bit-
error-rate (BER) at any power level is entirely limited by receiver noise in our experiment.
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the input signal on the modulator is
shown, while the bottom shows the
received signal.

In conclusion, we demonstrate femtosecond wavelength division multiplexing that uses a
single source to generate all WDM channels simultaneously rather than requiring one laser per
channel. Experiments are under way to demonstrate this principle with a femtosecond source at

1.5 um [2] and using integrated InP gratings and modulators [3].
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. Introduction

For future ultra high speed fiber optic
telecommunication ! and/or very fast industrial
measurements 2, one need compact, stable and
reliable sources of pico and subpicosecond optical
pulses.  The gain-switching operation of
semiconductor distributed feedback (DFB) laser
diode (LD) is advantageous to other pulse
generation methods due to the controllability of
pulse intervals in a wide range. However,
improvement of its performance is required in such
aspects as shorter pulse duration, larger pulse
energy, higher repetition rate, lower timing jitters,
and precise control of those. As for the reduction of
pulse width, a fiber optic compression scheme >
was proved to be effective, in which original pulses
of a few tens picosecond are compressed into the
subpicosecond range by a transmission through a
linear dispersion fiber and a so-called soliton fiber.
Linear down chirp of gain-switched DFB-LD pulse
is essential in the former and a nonlinear effect of
fiber in the latter. One should note here that for the
control of compressed pulse quality it is important
to make the chirp of original pulse properly fitted to
length, dispersion and nonlinearity of fiber system,
and also to keep the nonlinear chirp as small as
possible. Therefore, it is necessary to establish an
experimental method for precise chirp measurement
5T as well as to clarify its dependence on conditions
of LD operation.

We present in this paper a novel systematic
approach to evaluate linear and nonlinear chirp
parameters C; and C, based both on the spectrally
resolved streak camera images and on the best fit
procedure using short time Fourier transform
(STFT) %9, with which the time-frequency
uncertainty relationship is consistently treated. This
method is rather simple and sensitive. In addition,
we show that knowledge of device parameter
dependence of chirp parameters thus derived helped
optimizing the fiber optic pulse compression.

ll. Chirp Parameter Determination Procedure

First, we describe a measurement with a grating
monochromator and a streak camera for obtaining
both temporally and spectrally resolved image of a
chirped pulse:

£(8)= fo0expljot + jo0)]. ¢))
In the above equation, fy is the slowly varying
envelope, ¢(¢) the time dependent phase and «, the
center angular frequency. We express the chirp
AM(t) taking account of Cy and C, as

2nc do

M(t):—FE =C(t-1p)+ Gyt —1,), )

where ¢ is the velocity of light, and fy() gets
maximum at ¢ =¢,. We assume here that the spatial
pulse cross section at the grating is given by a

Gaussian function exp[—2ln2(x/X)2], where x is

the distance from the beam center and X the beam
radius. The diffraction theory shows that the pulse
at the exit of monochromator is expressed by

V(Y 0)= [Z(t)g(t —t')exp(—jor)dt, (3)

8(t)=exp[-21n2(y/Ty, )| @)

Ty =2nX/wd, )
where d is the pitch of grating, and the temporal
broadening Ty is introduced originating from the
finite spatial broadening X at the grating. Equation
3 is the same formula as that of STFT with g(¢) as a
window function. The spectrally resolved streak
camera image Wc(T,®) is given by a convolution

of |V|2 and the temporal impulse response A(f) of the
streak camera:

Wee(T,00) = j_°:°|v(t',m)|2 We-t)de, ()

h(t) = exp[—4ln 2(t/TSC)2]. o)

Note that it is impossible to derive C; and C,
directly by the inverse STFT of an experimentally
measured image because only intensity profile is
detected by a streak camera.

Instead, we utilize an alternative approach. In
Fig. 1, a temporal intensity profile A(¢) derived in a
separate measurement only with the streak camera is
shown. A trial function f,(¢) is prepared using A(%)
as

fu(r)= A(r)exp[ oot + jo (1)]. ®)
Here, ¢, is the phase derived by putting a trial set of
C, and C, into Eq. 2. From Eqgs. 3 - 8, a streak
image is numerically generated. By comparing it
with the experimental result and varying C; and C,
so that the deviation between those is minimized, C,
and C, are eventually determined for the best fitted

image. The procedure of this STFT approach is
schematically shown in Fig. 2.

lll. Experiment and Discussion

We prepared the experimental setup mentioned
above, which consists of a 250 mm monochromator
and a streak camera (Hamamatsu Photonics C1587),
and measured spectrally resolved streak camera
images of pulses from a gain-switched DFB-LD
with a center wavelength A, of 1.556 um and
threshold current of 8 mA. Current pulses of 130
ps. which were generated with a 100 MHz
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frequency synthesizer, an electrical amplifier of 50
dB gain and a comb generator, were fed to the LD
with DC bias current /. Temperature 8 of LD was
controlled by a Peltier cooler.

The streak camera was operated in the
synchronous scanning mode. Since the quantum
efficiency of photo-emitted electrons in 1.5 pm
range is quite low, integration of signals for 3
minutes was necessary to get enough signal-to-noise
ratio. Its timing jitters were negligible in
comparison with its own temporal resolution Tgc of
15 ps, which was measured with subpicosecond
optical pulses in a separate measurement. The pitch
d of grating in the monochromator is 600
groove/mm.

In order to make the nonlinear chirp appear
clearly, we optimized a ratio of the wavelength
resolution AAp to the temporal one Ty so that the
streak camera image is tilted with an angle around
45 degree. The adjustment was done by varying X
through a change in the input slit width of
monochromator. Aly of 0.6 nm was typical at
1.556 um, which was checked with a CW light from
the DFB-LD, and corresponding T is 13 ps. In
addition, we inserted 1:4 magnification optics
between the monochromator and the streak camera.

Typical spectrally resolved streak camera image
is shown in Fig. 3 (a), which was taken under a
condition that the output power Pgrg of synthesizer
was -13.3 dBm, /, = 0 mA and 6 = 18 C. Following
the procedure described in the previous section, an
image was numerically generated (Fig. 3 (b)).
Those two images are apparently in a good
agreement with each other indicating that the STFT
approach is effective. The chirp characteristics thus
evatuated are plotted in Fig. 1.

Furthermore, we systematically measured the
streak camera images under a variety of conditions
and determined sets of C; and C,. Figures 4 show
dependence of C; and C, on Py (a), I, (b) and 6
(c). Gray zones in Figs. 4 indicate an optimum C,
value for the linear compression scheme using a 1
km fiber with normal dispersion of -16 ps/km/nm at
1.55 um 34, It is clearly shown that both C; and C;
are sensitive most to Pgrg in the three parameters,
and hence the control of Prg is a very important
issue. For the best Pgg (= -13.3 dBm), C; is almost
independent either of [, or 8. On the other hand,
|C2| increases as [, increases or as  gets out of the
range of 13 - 23 C. Actually, linearly compressed
pulse was shortest (~ 4 ps in full width at half
maximum of autocorrelation trace) under the
condition that Pgg = -13.3 dBm, /,, =0 mA and 6 =
18 C, and was broadened outside the above
temperature range. Therefore, one should conclude
that, for this particular DFB-LD, I, should be zero
and 6 should be kept in such range while Pgy should
be tuned to be optimum.

In addition, those pulses were compressed
further by the adiabatic compression scheme using
an Er-doped fiber amplifier and an anomalous

dispersion fiber. Dependence of pulse qualities at
the final stage of compression on the driving
conditions was studied in a similar manner.
However, since the optical power of launched pulse
is another important parameter, the optimization is
more complicated than the case of linear dispersion
fiber. The details of results will be reported
elsewhere.

IV. Summary

A novel systematic approach to determine
linear and nonlinear chirp parameters is presented,
which is based both on the spectrally resolved streak
camera images and on the best fit procedure using
STFT. We have successfully determined C; and Cj,
and demonstrated that this approach is useful in the
optimization of picosecond pulse generation by a
gain-switched laser diode and fiber optic
compression scheme.

The authors would like to express a sincere
gratitude to Mr. T. Urakami, Mr. H. Takahashi, and
Dr. Y. Tsuchiya of Hamamatsu Photonics for their
corporation in the measurement. They thank Dr. Y.
Ogawa of Oki Electric for the supply of DFB-LD.
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Picosecond pulse generation in semiconductor lasers is indispensable for ul-
trafast optical information processing systems. For the application in high
data-rate systems based on optical fiber transmission links single mode lasers
with high modulation response are necessary. Very promising are gain-coupled
(GC) distributed feedback (DFB) lasers, which should remain in stable single
mode operation even at high modulation rates /1/.

On the other hand reliable device technologies are important to meet the re-
quirements of reproducibility at low costs. To realize long wavelength 1.3 um GC
DFB lasers we developed a fully planar technology of masked implantation en-
hanced intermixing (MIEI) /2/ based on high quality InGaAs/InGaAlAs quantum
well structures /3/. A gain-coupled device is obtained by periodic band struc-
ture variation along the resonator. Therefore local segments are shadowed by a
sub-micron grating Au-mask /4/. Subsequent implantation and thermal annealing
processes result in Al and Ga interdiffusion in the implanted regions of the
active layers leading to periodic lateral band gap variations and thus periodic
gain shifts.

The analysis of gain shift was accomplished by realization and comparison of
conventionally fabricated index-coupled (IC) DFB lasers with and without homo-
geneous implantation enhanced intermixing (IEl) /5/ of the active region.

The control of the different technology steps was carried out by photo-lumi-
nescence and time-resolved spectroscopy. The energy position and the amplitude
of optical gain were determined as a function of the implantation dose. For a
variation of the implantation dose up to 3-10'® cm2 we obtained a gain shift to
higher energies up to 30 meV, indicated by the comparison of the low temperature
amplified spontaneous emission spectra of quantum well structures with and
without the process of IEl in fig. 1.

Fig. 1 Amplified spontaneous
— A[nm]= . _| emission spectra and IC DFB laser
530215 AZOO %o spectra of non-implanted structures

(full line) and IE| structures im-
planted with an Ar+-dose of 3-10'3
cm™ (doted line). The arrow be-
tween the DFB lasers with different
grating periods A indicates the low
and high energy end of the gain re-
gion of the non-implanted sample.

g
o

—
o

intensity [arb.

o
o

092 096  1.00
energy [eV]




UTuAS5-2 / 81

Realization of DFB lasers with a large range of different DFB grating periods
opened the analysis of band structure dependent carrier dynamics and of the ef-
fect of gain shift in IC and MIEI GC DFB lasers. According to the Bragg-
condition non-implanted IC DFB lasers require grating periods A from 200 nm to.
215 nm (see horizontal arrow in fig. 1). Due to the gain shift IEI IC DFB lasers
require grating periods from 195 nmto 210 nm and MIEI GC DFB lasers (not shown
in fig. 1 for the sake of clarity) from 190 nm to 202.5 nm.

The investigation of fast carrier dynamics in these devices was performed by a
gain-switching method in conjunction with the technique of light frequency up-
conversion /6/ (time resolution about 2 ps); this technique simultaneously
yields a high spectral resolution, which enables the observation of the tran-
sient laser mode behavior.

grating period A [nm]
210 205 200 195 190
“JLENE SN S N SN B S S N M S DR SN SENL SN NN SN NN SR B a
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olc
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A GC
A theory GC
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emission energy [eV]

Fig. 2 Experimental FWHM values for MIEI GC (open triangles) and IC (open
circles) lasers versus emission energy of the DFB lasers. To extract exclusively
band structure effects and to avoid non-radiative recombination processes
measurements were performed at T= 2K.

Solid symbols are calculated values obtained from laser rate equations. (The
solid lines serve as a guide for the eye).

In fig. 2 the pulse response of MIEI GC and non-implanted |C DFB lasers on a 2
ps excitation pulse is plotted versus the emission energy (open symbols). On the
top axis the corresponding grating period is depicted. Three interesting
features can be observed. i) The pulse response for both coupling types becomes
faster with higher emission energy, i. e. with decreasing grating period.
ii) Modulation bandwidth of GC DFB lasers is rigidly shifted to higher emission
energy compared to IC DFB lasers due to the spectral gain shift induced by MIEL
i) The maximum modulation speed of MIEI GC lasers is comparable with speed of
IC lasers in agreement with theory /7/.
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The full widths at half maxima (FWHMs) of the IC DFB lasers decrease from 53
ps at an emission energy of 915.0 meV down to 4.5 ps at 965.3 meV, while for
MIEI GC DFB lasers this decrease amounts from 42 ps (957.6 meV) to 9.5 (1013.0
meV). These energy dependent pulse widths are in agreement with theoretical
analysis based on coupled light and carrier rate equations /8/. In conjunction
with line shape analysis of the spontaneous emission at laser thresholds of the
different DFB lasers an ab initio parameter free calculation is performed,
considering the band structure dependent differential gain dg/dn(E). Increasing
dg/dn values with increasing emission energy result in faster modulation speed
as shown in fig. 2 by the calculated solid symbols.

1 Y.Nakano, Y.Luo, K.Tada; App!l. Phys. Lett. 55, 1606, (1989).

2 A.Hase, C.Kaden, J.Kovaé, V.HofsaB, H.Kinzel, H.Schweizer; 6th International
Conference on InP and Related Materials, IEEE Catalog # 94CH 3369-6 Library of
Congress # 94-61270, pp. 163, Santa Barbara 1994.

3 H.Klinzel, J.Béttcher, A.Hase, V.Hofs&dB, C.Kaden, H.Schweizer;

to be published in J. of Crystal Growth.

4 C.Kaden, H.Gréabeldinger, H.P.Gauggel, V.HofsadB, A.Hase, A.Menschig,
H.Schweizer, R.Zengerle, H.J.Brlickner; Microelectronic Eng. ME-23, 469, (1994).
5 H.Leier, A.Forchel, G.Hércher, J.Hommel, S.Bayer, H.Rothfritz, G.Weimann,
W.Schlapp; J. Appl. Phys. 67 (4), 1805, (1990).

6 J. Shah; IEEE J. of Quantum Electron., QE-24, pp. 276-288, (1988).

7 L.M.Zhang, J.E.Carroll;

IEEE Photonics Technology Letters, Vol. 5, 506, (1993).

8 K.Y.Lau, A.Yariv; in Semiconductor and Semimetalls, edited by W.T.Tsang,

(Academic Press, Inc., 1985), Vol. 22, Part B, pp. 69-152.




UTuA6-1 / 83

ULTRAFAST LOW-TEMPERATURE-GROWN-GaAs PHOTOMIXERS*

K. A. Mcintosh, E. R. Brown, K. B. Nichols, O. B.‘McMahon, K.M. Molvar,
W.F. DiNatale, and T.M. Lyszczarz

Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173-9108

Various ultrafast electronic and optoelectronic devices have been developed as
sources for the terahertz spectral region. Most of these sources exhibit relatively low
power spectral density. This can be due to their inherently broadband nature, as with
ultrafast switches pumped with subpicosecond optical pulses [1], or to their low
conversion efficiencies, as with optical three-wave mixing [2]. Optical heterodyne
conversion, or photomixing, has recently been explored as a technique for the
production of coherent radiation at terahertz frequencies [3]. In order to produce useful
levels of power in this frequency range a photomixer must exhibit high responsivities,
be robust under optical pumping, and be capable of ultrafast operation. Low-
temperature-grown (LTG) GaAs photomixers have demonstrated all of these
properties and should be useful for applications such as ultra-wideband sweep
oscillators and tunable local oscillators. This paper will discuss the latest LTG-GaAs
photomixer devices, showing twenty times more output power at 3 THz than earlier
devices [4].

The two photomixer structures used for these measurements were fabricated on
a 1.5 micron thick LTG-GaAs layer grown by molecular beam epitaxy at 200 °C on a
semi-insulating GaAs substrate. Interdigitated metal electrodes 0.2 microns wide with
a 2.0 micron period were fabricated by electron beam lithography at the driving point
of a 3-turn self-complementary spiral antenna on the top surface of the LTG-GaAs.
Mixer 1 had a 20 x 20 micron electrode area with a 20 micron interconnect to the spiral
and was designed for operation to roughly 1 THz. Mixer 2 incorporated an 8 x 8
micron electrode area connected directly to a §piral antenna designed to operate up to
4 THz. These structures are shown in Figures 1 and 2. Optical pumping of the
photomixer is accomplished with two Ti:AloOg3 lasers, gne a standing wave cavity and
one a ring cavity, whose output beams are spatially combined in a single-mode fiber-
optic combiner and focused onto the interdigitated electrode region. The standing-
wave laser is kept at a fixed frequency, while the frequency of the ring laser is tuned to
vary the difference frequency. Difference frequency radiation propagates through a
silicon hyper-hemispherical lens mounted on the back surface of the semi-insulating
GaAs substrate and is focused with a TPX lens onto a composite silicon bolometer.
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The high frequency behavior of these devices is controlled by two time
constants, one related to the photocarrier lifetime and the other to the product of the
electrode capacitance and the antenna radiation resistance (= 72 ohm). Time
resolved reflectivity measurements on the LTG-GaAs show the photocarrier lifetimes to
be approximately 0.27 ps , resulting in a lifetime-limited 3-dB-down frequency of 590
GHz. The calculated electrode capacitances are 3.0 fF and 0.47 fF for Mixers 1 and 2,
respectively, resulting in RC-limited 3-dB-down frequencies of 730 GHz and 4.7 THz.
The measured bandwidth curves for Mixers 1 and 2 are shown in Fig. 3. The output
power is relatively flat with frequency up to 300 GHz for both mixers, but beyond 500
GHz Mixer 1 rolls off at approximately 12 dB/octave while Mixer 2 rolls off at
approximately 6 dB/octave. This is the expected behavior since the lower capacitance
Mixer 2 should be limited only by photocarrier lifetime in the frequency range
measured. Twenty times greater output power is measured for Mixer 2 than for Mixer 1
at 3 THz due to the lower capacitance of Mixer 2.

To the best of our knowledge, the LTG-GaAs photomixer is the most broadly
tunable coherent source demonstrated in this frequency region. As such it is already
finding widespread use for molecular spectroscopy, solid-state device
characterization, component diagnostics, and frequency metrology.

[11  A.S. Weiling, B.B. Hu, N.M. Froberg, and D.H. Auston, Appl. Phys. Let. 64, 137
(1994).

[2] Y.R. Shen, The Principles of Nonlinear Optics (Wiley, New York, 1984), Chap.8.

[3] E.R. Brown, K.A. Mcintosh, K.B. Nichols, M.J. Manfra, and C.L. Dennis, Proc.
SPIE 2145, 200 (1994).

[4] K.A. Mcintosh, E.R. Brown, K.B. Nichols, M.J. Manfra, and C.L. Dennis, 52nd
Device Research Conference, Paper llIB-1, (1994)

3-TURN
SPIRAL

Figure 1 [lllustration of Mixer 1 showing interdigitated electrodes with
interconnect to three-turn self-complementary spiral antenna.
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Introduction
Todays and future wireless communication systerns, e.g. mobile phones and wireless LANSs, require tran-

sistors with improved high frequency and low noise performance.. At the moment the frequencies for these
applications are in the 0.9 — 2.4 GHz range, but due to the steadily growing data flow and the required
faster transfer speeds the frequency range of communication systems will be extended to 10 or 20 GHz in
the near future. Homo silicon device cricuits seem to be restricted to below 2 GHz. Hence, SiGe-HBTs
could fill the gap between 2 GHz mass market and above 12 GHz niche applications. SiGe-HBTs offer
the potential of increased performance in both low power low noise front-ends, and in high frequency
power amplifiers up to 20 GHz. The increasing interest in SiGe-HBTs is a result of their excellent RF
performance with recently reported record fr and fna, values up to 120 GHz [1,2,3], noise figures of 0.9
dB at 10 GHz [4], and a low noise corner frequency of 300 Hz [5]. In addition, SiGe-HBT fabrication is
compatible to standard silicon bipolar and CMOS technology.

ECL ring oscillators with SiGe-HBTs have reached 19ps switching time [6]. A hybrid K-band DRO [7]
exhibited a RF power of 8.5 dBm at 23 GHz with a phase noise of -92 dBc(1Hz) at 100 kHz off carrier.
An X-band VCO tunable from 8.2 — 12 GHz with 10 dBm RF output power and a phase noise of 80
dBc (100kHz/1Hz) has been reported [8]. Mixed analog and digital applications of S1Ge-HBTs were
demonstrated by a 1 GHz 12 bit digital to analog convertor [9] and a 16 Gbit/s multiplexer [10]. With
respect to power amplification multi emitter finger SiGe-HBTs reached 20 dB power gain at 10 GHz with
10 x 10 x 1 pm? emitter fingers and a predicted RF output power of 2 W/mm [1].

DC Performance :

Double mesa type [11] and passivated SiGe-HBTs [12] were investigated. The double mesa type transistor
has the advantage of an easy and fast fabrication technology, but they are not passivated. The essential
technological step is a groove etch which separates the active transistor from the contact pads. The
Gummel plot in Fig.la for a unpassivated transistor with large emitter area (1.6x1073 cm?) shows an
approximately ideal behaviour and a current gain of up to 770, indicating low defect densities in the MBE

layers.
8 (A) e A)
oz ) o
L | 1E-02 = 1E-02
dec. I~ dec. dec. dec.
Jdiv | ] 7div /div | /div
1E-12 TR R TR S T N N N 1E-12 1E-10 —~nn JE-10
.0000 VE .1000/div v -1.000 300.0 VE 60.00/div (mV) 900.0
Fig.1a: Gummel plot of a double mesa SiGe- Fig.1b: Gummel plot of a differential SiGe-HBT:
HBT: Ag =1.6x1072 cm?, Bas =770 Ag =1.5x10pum?, Brmaz =100

The so called differential SiGe-HBT (Fig.1b) is a completely passivated transistor with reduced parasitic
collector base area. The device layers were grown by MBE on SiO, patterned Si wafers. The monocrys-
talline epi-layers inside the SiO; windows are used for the active transistor region, whereas the boron
doped polycrystalline Si and SiGe on top of the surrounding oxide serves as the base interconnect. More
technological details can be found in [11,12].
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RF Performance

a) High unity—current-gain frequency fr

The transit frequency can be written as a sum of base, collector and emitter transit times and the
corresponding charging times [11]. However, for short collectors and high current densities the base transit
time becomes the essential part of the total transit time. Hence, a short base with box shaped germanium
and boron profile increases fr as can been seen in Fig.2, where for two different doping concentration
the unity—current—gain frequencies were calculated. The 1D-calculations take into consideration i) the
geometric transistor layout, ii) the semiconductor, the contact, the spreading, and the lead resistances,
and iii) the intrinsic and parasitic space charge capacitances. The logarithmic plot indicates a limit in
transit frequency at about 120 GHz, because base thicknesses below 5 nm are not reasonable due to the
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= N,=810'%m °
i 1 FEETE | " " | ISR [+ " " dd, L " Al
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base width wg [nm] . base width wg [nm]
Fig.2: Measured and calculated fr vs wg, cal- Fig.3: Measured and calculated frnas Vs wp, cal-
culation: C:150nm/2x10*"cm~3; B: 30% Ge; E: culation parameter as Fig.2; (e double emitter
70nm/1x10*8cm=2 Ap = 2x0.8x8um?, Veg=3V, finger HBTs, A multi emitter finger SiGe HBTs)

pn = 200cm?/Vs

inset of tunneling currents and the punch through effect. A further slight increase in fr may be only
possible by a lower base doping concentration and an additionally smaller emitter width or by using a
drift field by a graded germanium and boron profile as suggest by the IBM group [2].

b) High maximum oscillation frequency fras
For all electronic applications the maximum frequency of oscillation fp.5 is an important figure merit,
which can be written as

_ fr

High fnaz values demand high transit frequencies, low base resistances and low collector-base capac-
itances. However, fr decreases quadratically with increasing base width wp, whereas the base sheet
resistance decreases linearly with rising base width. These dependencies on wp yield a maximum in the
fmaz versus wp plot, as depicted in Fig.3. In contrast to fr, which is approximately independent of
the base doping, there exists a strong correlation between the base doping concentration N4 ( which is
the parameter in Fig.3), and the fp.; values. This is a result of the decreasing base sheet resistance
with increasing base doping inspite of the nearly constant fr values. For the parameter, chosen here,
the frner maximum can be found for doped SiGe base widths between 15 — 25 nm. The experimental
data points spread regarding technological reasons. A further improvement of fp,q, can be achieved by
reducing the collector base capacitance, i.e. by thicker and lower doped collector regions [1]. From small
signal equivalent circuit parameters, which were obtained by S-parameter measurements, the normalized
collector base capacitances cpc for various collector designs were determined (Fig.4). As expected the
fmaz values increase for smaller cge values. The solid lines are calculations using the fi,q.-formula as
mentioned above. The curve parameters of fr/Rp = 4(8) GHz/Q take into account that both the transit
frequencies and the base resistances depend on the base width. As expected, for a more thick low doped
collector higher f,q. values were obtained and the measured data fit between the two calculated curves.

Noise Performance

a) Low Frequency Noise

Another important figure of merit is the noise figure, which originates at lower frequencies from sur-
face effects that give rise to a 1/f noise spectrum. For medium frequencies the noise figure becomes
approximately constant and will be determined by the series resistances Rg, Rp and the current gain
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B. A measure between the two parts of the noise spectrum is the low noise corner frequency. Recently
Harame et al. published a corner frequency of 300 Hz for SiGe-HBTs [5], which is an excellent value
for high frequency bipolar transistors. Standard Si-BJT (BFR96) with a transit frequency of 12 GHz
exhibits typically 1000 Hz, whereas Si-BJTs (AT42085) with fr = 40 reachs only 10 kHz low noise corner

frequency.

b) High Frequency Noise

At high frequencies the noise figure increases approximately with f2. The intrinsic noise source is mainly
shot noise at the emitter and the collector barriers. For medium frequencies 0.1 - 2 GHz a high current
gain is required to achieve low noise figures, whereas for higher frequencies a low base resistance and a
short base transit time influences positively the noise behaviour. It is well known that HEMTs have the
best high frequency noise performance as can be seen in Fig.5h. However at frequencies up to 10 GHz
SiGe-HBTs are only slightly worse than III-V HEMTs. It should be mentioned that the best SiGe-HBTs
show noise figures of 0.5 dB at 2 GHz and 0.9 dB at 10 GHz, and an associated gain of 14 dB and 6
dB, respectively. I1I-V HBTs exhibit worse values. This might be explained by the additional spike-like
barrier due to the conduction band offset, which is negligible in the Si-SiGe transition.

Conclusion

SiGe-HBTs are indeed promising devices for todays and future communication systems due to their out-
standing RF and noise performances, i.e. cutoff frequencies above 100 GHz, a power gain of 20 dB at
10 GHz, a noise figure of 0.5 dB at 2 GHz, and a low-noise corner frequency of 300 Hz. Though most
of the results stem from discrete devices SiGe is already going to be produced. In long term the SiGe
hetero fieldeffect transistor (HFET) will become another candidate creating a new advanced generation
in mainstream CMOS, s.c. SiGe Hetero CMOS(HCMOS). On the other hand, if optical applications,
as Si/SiGe multi quantum well detectors and wave guides, will play an important role in future silicon
technology is still an open question. However, ”SiGe is just on an upswing” is a true statement.
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1. INTRODUCTION

Rapid progress in multimedia communication requires
large capacity optical transmission lines over 10 Gbit/s.
One of the candidates considered for forthcoming high
speed transmission systems is 20 Gb/s optical IM-DD
transmission system. There have been several reports
about IM-DD optical transmission experiments at 20
Gbit/s (1, 2, 3, 4). Monolithic integrated circuits are in-
dispensable to turn such high speed optical transmis-
sion systems into practical application. The
performance of various monolithic ICs for optical com-
munications is summarized in Fig. 1. Si ICs are very
attractive for realizing the high speed IM-DD systems
up to 20 Gbit/s, because of their high uniformity and
yield (5, 6, 7). The Si bipolar transistors, however, are
not suited to fabricate circuits with high output voltage
swing such as modulator driver, because of their break-
down voltage limitation. The compound devices, such
as GaAs-HBTs, GaAs-MESFET and heterojunction
FETs, have high cut-off frequency over 100 GHz (8, 9),
so they are very effective to achieve the high speed ICs
operating over 20 Gbit/s. They also have the advantage
of utilizing microwave circuit technologies, which make
it possible to design high frequency narrowband circuit,
such as a clock amplifier at over 20 GHz.

[Gb/s]

501 Si-BJT Digital GaAs-/HBT Digital
5 40r ]
® o
2 301-GaAs-HBT w}
O Analog \
3 20r =) \
O Si-BJT Analog
10+
o]
I 1 I 1 1 | 1 |
0 100

Transistor cut-off Frequency (fr) (GHZ]

Fig. 1 Various IC Performance versus transistor cur-
off frequencies (5, 6, 7, 8).

This paper describes the design and perform-
ance of several monolithic ICs for 20-Gbit/s optical
transmission systems; Si-ICs with SiGe-base, and

AlGaAs/GaAs-HBT ICs with hetero guard-ring struc-
ture. A fully-regenerating 20-Gbit/s optical repeater
with the ICs has been developed to confirm the feasi-
bility of future high speed optical communication at 20
Gbit/s.

2. SiGe-BASE BIPOLAR TRANSISTOR ICs

Among the Si bipolar transistor, a Super Self-aligned
Selectively grown SiGe Base (SSSB) bipolar transistor
(7) is very attractive to realize high speed ICs. A
graded SiGe base reduces the base transit time due to
the presence of a drift field. Therefore, the SiGe-base
bipolar transistor provides faster maximum cut-off fre-
quency (f;) than conventional Si bipolar transistors. To
improve the high speed characteristics, a bonded Sili-
con On Insulator (SOI) technology is employed. The
SSSB transistor achieves high £, of 60 GHz. Using this
transistor, several kinds of IC have been developed for
20 Gbit/s optical communication systems. Table 1 sum-
marizes the operating speed or bandwidth of the ICs (6,
7, 12).

Table 1 Performance of developed SiGe-base
transistor ICs (5,6)

Circuit Operating Speed
Preamplifier 19.0 GHz

Gain Controllable Amp. |16.0 GHz

D-F/F 20 Gbit/s
Selector 30 Gbit/s
Decision 20 Gbit/s
Multiplier 20 GHz

3. AlGaAs/GaAs HBT ICs

(1) AlGaAs/GaAs HBT Process

The AlGaAs/GaAs HBT is one of the most powerful
candidates for realizing high speed circuits operating at
over 20-Gbit/s. HBT epitaxicial wafers were prepared
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by MOCVD, including C-doped uniform base layers.
The HBTs and diodes were fabricated using the devel-
oped HBT self-aligned process, and adopting Pt-Ti-Pt-
Au base metal structure. A hetero guard-ring structure
is introduced to reduce the transistor variation. Load
resistors were formed WSIN thin films. The transistors
achieved good high frequency characteristics, as f; of
45-GHz and f,,,, of 105-GHz.

(2) Preamplifier design

To realize a wide bandwidth amplifier over 10 GHz, it
is very effective to apply microwave tuning techniques,
such as open/short stabs, or line impedance optimiza-
tion. Among these techniques, the peaking technique
with an on-chip spiral inductance has been studied and
applied for high speed MMICs. An example of an on-
chip spiral inductor on GaAs substrate is shown in Fig.
2 (a). The width and space of the lines of the spiral in-

ductor are 3 pim and 10 {m, respectively. Figure 2 (b)
shows the simulation and measurement results of the
inductors. The measured frequency response for these
spiral inductors is represented with open circle and
closed circle, which shows a good agreement with the
simulated results up to 20 GHz.

0, u T
150 2-turns
mzzz% 2 Simulation
o
]
| “ Measured '.'"/:-;
_zzzzzza%o“‘m 3-turns
3um
-20 10 20
Frequency (GHz)
Fig. 2 On-Chip Spiral Inductor.
(a) Schematics (b) Frequency Response

Figure 3 shows a circuit diagram of the pream-
plifier IC using AlGaAs/GaAs HBTs (11). A transim-
pedance type circuit configuration is applied in order to
realize a wide bandwidth. The spiral inductor is used
for the inductive load in the first gain stage, and is re-
markably effective to get large transimpedance band-
width. To realize large dynamic range operation, an
input offset control circuit is adopted, which allows a
large input current up to 7.5 mA.

Figure 4 shows the transimpedance character-
istics of the preamplifier IC. Without spiral inductor,
16.5 GHz bandwidth is obtained as shown by dashed
line, while by introducing the spiral inductor, the band-

width was improved to 20.9 GHz with 40-dBQ

transimpedance gain.
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\
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Fig. 3 AlGaAs/GaAs HBT preamplifier IC
circuit diagram
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Fig. 4 AlGaAs/GaAs HBT preamplifier IC
frequency response
solid line: with spiral inductor
dashed line: without spiral inductor

4. A FULLY-REGENERATING 20 Gbit/s
OPTICAL REPEATER WITH MONOLITHIC ICs

(1) Repeater Configuration

A fully-regenerating 20 Gbit/s optical repeater based on
the monolithic ICs has been developed (12). Figure 5
shows its schematic diagram. The repeater has 3R
functions: reshaping, retiming, and regenerating at 20
Gbit/s. All circuits, except clock extraction and modu-
lator driver, are realized with Si ICs.

(2) Optical Transmitter

In the optical transmitter, the 20 Gbit/s signals are gen-
erated from two 10 Gbit/s signals by bit multiplexing
with a Si selector IC and a D-type Flip-flop (D-F/F) IC.
Following the D-F/F IC, a modulator driver circuit with
GaAs FETs amplifies signal voltage swing up to 7V,
which is applied to a LiNbO, Mach-Zehnder optical
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Fig. 5 A fully-regenerating 20 Gbit/s optical repeater.

modulator. The output light waveform from the trans-
mitter is shown in Fig. 6 (a). Using 1.55-um wave-
length light, a 12 dB extinction ratio is achieved with
rise and fall times of 18 psec and 20 psec, respectively.

(3) Optical Receiver

A wide bandwidth front end module has been developed
with a waveguide pin photodiode (pin-PD) and a Si pre-
amplifier IC. The preamplifier IC with 300 2 feedback
resistance, achieves a 19.0 GHz bandwidth. The
waveguide pin-PD exhibits an input capacitance as
small as 45 fF and wide bandwidth over 40 GHz. The
optical frequency response has a 16 GHz bandwidth and
a 43 dBQ transimpedance gain as shown in Fig. 6 (b). .
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Fig. 6 20 Gbit/s optical repeater characteristics
(a) Optical output eye diagram
(b) Front end optical frequency response

Following the front end, a Si differential am-
plifier IC, with 16 GHz bandwidth and 10 dB gain, am-
plifies the signal and divides it to both a decision circuit
and a 20 GHz clock extraction circuit. The decision
circuit uses a Si D-F/F IC, which has a 250 mV_, input
sensitivity and 180 degree clock phase margin at 20
Gbit/s. The clock extraction circuit is composed of
GaAs FETs and a dielectric filter. ’

(4) System Performance

The optical receiver sensitivity measurement has been
successfully carried out at a 20 Gbit/s data rate with the
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repeater described above. After regenerating the data
with the decision circuit, two Si D-F/F ICs demulti-
plexed the 20 Gbit/s data to two 10 Gbit/s data streams.
Figure 7 shows the measured bit error rates for these
two 10 Gbit/s channels with 2’-1 pseudorandom pat-
tern. Receiver sensitivities for 10° of bit error rate
were -23.0 dBm and -23.5 dBm for each channel.

20 Gbit/s NRZ
:2%1PN

-23.0 dBm

Bit Error Rate

109 —--- - - A
1010 +

R

o
T S N IS BT WA W

10-12 2
Received Signal Power (dBm)

Fig. 7 Bit error rate characteristics at 20 Gbit/s

5. CONCLUSIONS

High-speed monolithic ICs have been developed for 20
Gbit/s optical communication systems. The SiGe-base
bipolar transistors realize analog and digital ICs operat-
ing at 20 Gbit/s. The AlGaAs/GaAs HBT preamplifier
IC shows the feasibility for high speed operation over
20 Gbit/s. A fully-regenerating optical repeater was
successfully demonstrated with Si ICs and a waveguide
pin-PD. These results pave the path towards next gen-
eration of optical communication systems handling 20
Gbit/s data stream.
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Introduction

Fiber-optic data transmission systems are evolv-
ing rapidly. 10 GB/s time-division- multiplexed
(TDM) systems are approaching deployment, and
there is extensive research on 40 GB/s transmis-
sion. Because of perceived limits to electronic
component bandwidths, present research on 100
GB/s systems has focused on wavelength-division-
multiplexing or TDM using optical switching.

Although a substantial challenge, 100 GB/s
TDM fiber optic transmission is feasible using elec-
tronic amplification and multiplexing. Fig. 2
shows a receiver block diagram. For 100 GB/s,
component bandwidths greater than ~ 60-70 GHz
are required. Most required components have
been demonstrated, including 110 GHz-bandwidth,
1.3 um photodetectors [1] and 70 GHz electroop-
tic modulators. We will report elsewhere [2]
HEMT traveling-wave amplifiers with 98 GHz
bandwidth. Optical fiber dispersion can be coun-
teracted by dispersion compensation. Erbium-
doped-fiber (EDFA) optical preamplifiers will pro-
vide adequate receiver sensitivity.
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Figure 1: Capacitive division TWA.

100 GB /s multiplexer and demultiplexers are
critical missing elements. 27 GB/s transistor mul-
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Figure 2: Block diagram of a 100 GB/s fiber-optic
receiver (a), and of the diode demultiplexer (b).

tiplexers [3] should soon evolve to 40 GB/s rates,
but multiplexing at 100 GB/s with present tran-
sistor technology appears to be difficult. Terahertz
Schottky diode technology provides a solution. We
have fabricated diode-based multiplexers and de-
multiplexers for 100 GB/s transmission. Here we
report initial results.

System description

Block diagrams of the receiver and the diode de-
multiplexer are shown in fig. 2. The photodetector
output is amplified by HEMT traveling wave am-
plifiers. The signal is passed through a 100 GB/s
Nyquist filter (a ~ 50 GHz low-pass filter), to ban-
dlimit noise. The signal is passed through a linear
demultiplexer IC consisting of four synchronized
sampling gates clocked by a 25 GHz, 4-phase clock
(¢1 — ¢4). The diode bridges generate four parallel
analog sampled data streams. Each data stream is
passed through a 25 GB/s Nyquist filter and ampli-
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Figure 3: (a) 2-diode sampling bridge and simpli-
fied model showing the output RC charging net-
work. (b) 6-diode switch and its simplified model.
(c) one channel of four of the diode mux/demux IC

fier to a 25 GB/s transistor decision circuit, where
the analog samples are restored to binary levels. A
similar system is used for multiplexing.

Circuit design

The mux/demux requires an array of diode
“sample-hold” (sample-and-Nyquist-filter) gates.
A nonzero sampling aperture time 7 is equiva-
lent to a filter with transfer function H(f) =
(rfr)~lsin(nfr); this response is incorporated
into the design of the 100 GB/s Nyquist filter. A 5
ps aperture time 7 is thus readily tolerated. Diode
sampling bridges gated by (diode) nonlinear trans-
mission line (NLTL) pulse generators attain sub-
picosecond aperture times [4], [5], and have band-
widths far in excess of that required here. Such
circuits must be modified before use in multiplex-
ers.

Two-diode (and 4-diode) sampling bridges (fig.
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Figure 4: Photomicrograph of a section of the 4-
channel demultiplexer IC

3a) used in microwave instruments contain a capac-
itor C, which both couples the strobe pulse to the
bridge and serves as the hold capacitor. The out-
put circuit is loaded by a high resistance. While
the bridge has a high input bandwidth, as needed
for repetitive sampling in (e.g.) oscilloscopes, the
capacitor’s RC discharge time limits the sampled
output bandwidth to at most a few MHz. >60-70
GHz output bandwidth is required here.

Wide diode bridge output bandwidths are ob-
tained through use of transistor or transformer
strobe coupling networks, but such techniques are
not scalable to 100 GB/s. In a six-diode NLTL-
gated bridge (fig. 3b,c) the strobe pulse coupling
capacitors C, are switched out of the signal path
during the sampling event. Combined with an 502
output circuit , the output bandwidth is increased
~ 10° : 1 over a 2-diode NLTL- gated bridge. In-
put and output bandwidths can be several hundred
GHz. In the present design the 1.3 ps NLTL wave-
front is converted into a 4 ps FWHM strobe im-
pulse. Circuit simulations predict a 3—-4 ps aperture
time and a 110-150 GHz output bandwidth.

To avoid crosstalk between demultiplexed chan-
nels, the switch off-state transmission must be
small. The diodes must therefore have high cut-
off frequencies, small junction areas, and small pad
parasitics. The bridge uses air-bridge-contacted
Schottky diodes [5] of 2.25um? area and 2.5 THz
cutoff frequency. On-wafer interference between
the four 6V NLTL strobe (clock) signals and the
~ 100 mV data is a major difficulty. Clock in-
terference is relevant only in the multiplexer; the
spurious signals at 25, 50 and 75 GHz are beyond
the bandwidth of the demultiplexer’s Nyquist fil-
ters. In addition to fabrication of the full 4-channel
mux/demux ICs, single-channel ICs (fig. 3c) were
also fabricated. With each single-channel IC having
only one NLTL clock line, and having a much more
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Figure 5: (a) 26 GB/s 1111... output of a single-
channel IC for a 104 GB/s 1010... input, measured
by an on-wafer sampling circuit, with clock inter-
ference nulled. (b) 26 GB/s 1111... output of a
single-channel IC for a 104 GB/s 1111... input,
measured by an active probe. Clock interference is
not nulled.
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Figure 6: 1010... output pattern of the single-
channel IC for a 39 GHz input.

compact layout than the 4-channel IC, interference
is much less likely. To assemble a full multiplexer,
four single-channel ICs must be connected in a hy-
brid assembly.

Results

Full testing of the demultiplexer requires generation
of 100 GB/s pseudo-random bit streams (PRBS)
generated by the 100 GB/s diode multiplexer. This
has not yet been performed. For initial demulti-
plexer evaluation, sinusoidal input test signals are
used. A 50 GHz sinusoid corresponds to a 1010...
pattern at a 100 GB/s data rate, while 1111...
and 0000... steams are emulated by positive and
negative DC inputs. Available signal generators
forced testing at 104 GB/s. Demultiplexer out-
puts are measured here with 2 tools. Some IC’s
were fabricated with integrated on-wafer sampling

circuits. While these provide wideband measure-
ments, the close proximity of the sampling circuit
to the multiplexer results in spurious coupling be-
tween the sampling circuit and the demultiplexer’s
strobe NLTL which must frequently be corrected
numerically. To obtain measurement uncorrupted
by clock coupling in the instrumentation, the de-
multiplexers are also tested by NLTL-based active
probes [4]. Any remaining clock coupling observed
is due to the (de)multiplexer itself. The active
probes limit waveform measurements to ~ 3.5 ps
resolution.

Fig. 5 shows demultiplexed 26 GB/s 1111... out-
put patterns of a single- channel IC for 104 GB/s
1010... and 1111... input patterns. The latter
measurement, taken by an active probe, indicated
~ —20 dB clock interference. The aperture time
is 3 ps (fig. 5a), and the output bandwidth is 150
GHz. Fig. 6 shows the demultiplexer output at 39
GHz input, generating an alternating 1010... out-
put. With the full 4-channel unit, clock coupling
is observed, and pending mask redesign, the multi-
plexer must be constructed from the single-channel
IC’s.

Conclusions

Electronic components will permit 100 GB/s fiber
data transmission, with diode integrated circuits
used for multiplexing and demultiplexing. We have
demonstrated first results with such diode ICs; the
required bandwidths are readily attained. The 6-
diode gates can also have impact on high-speed in-
strumentation applications requiring high output
bandwidths, including harmonic mixers for spec-
trum analysis, bit-error-rate test sets, and muti-
plexed A-D converters.

This work was supported by the ARPA Thunder
and Lightning program.
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The microwave components and subsystems have made significant progress in the
past few years due to the advancement in the III-V compound semiconductor
technologies. Commercial applications using microwave and millimeter-wave integrated
circuits are rapidly expanding in the areas of direct broadcasting satellite (DBS), local
multiple-point distribution systems (LMDS), and high speed wireless local area network
(WLAN).

Because the bandwidth of the allocated frequency spectrum in the air is a precious
commodity, sophisticated data compression and signal processing techniques are needed
to transmit the broadband information reliably and efficiently. The improvement in the
integration level and production yield of the III-V ICs also breeds a new generation of
high-speed baseband signal processing ICs which make high data rate multimedia digital
transmission more bandwidth-efficient. We have developed compound semiconductor

HBTs and HEMTs at AT&T with cutoff frequencies exceeding 100 GHz.

In this talk, we will describe a prototype high speed digital microwave data link for
optical fiber node. The impacts of these high speed devices on this microwave
communication link will be addressed, and novel circuits using these devices will also be

illustrated as well.
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The fast growing mixed-signal microcontroller and low power wireless communication markets
provide tremendous opportunities for Si ULSL. Si CMOS ULSI offers low stand-by power and high
integration level, which translates into improved performance, functionality, cost, reliability, and
battery life. This paper will provide an overview of the potential to expand the core digital CMOS
ULSI logic technology into Ghz mixed-signal applications. The opportunities and challenges of SO
bipolar, and SiGe HBT’s will be discussed.

CMOS and SOI1

Fig.1 shows the scaling trend of bulk CMOS technology. At a given channel length, SOI may
offer another 30-50% performance gain. Over 100 GHz cutoff frequency has been reported for sub-
0.1 pm channel length bulk NFET’s [1] as shown in Fig. 2. Very high transconductance (gr) values
can be achieved with scaled digital CMOS devices, though the output resistance (r,) of these short and
fast devices is limited by channel length modulation, DIBL, and substrate current induced body effect
(Fig. 3). However, specially optimized analog FET devices with 10x better 1, and voltage gain than
those digital devices can easily be integrated into a bulk digital process with minimum extra process
complexity and cost. For example, an asymmetrically implanted DMOS device was used to improve
I, substrate current, and hot carrier reliability for high voltage analog functions [2]. An ideal device
structure to obtain high g, while minimizing r, reduction due to DIBL is the double-gate FET device
where drain field lines are terminated at the top and bottom gates. Monte Carlo simulation of a 0.03
um NFET with double gates [3] is shown in Fig. 4, where the voltage gain (gn1,) can still exceed 10
for such a short channel device.

SOI technology is particularly attractive for low voltage and low power applications due to its
better subthreshold slope, low capacitance, low body effect (substrate sensitivity), low soft error rate,
latch up immunity, and simpler fabrication process. With a high resistivity substrate, it is possible to
decouple the interelectrode capacitances within active devices to reduce noise, and integrate low-loss
micro-strip lines and high-Q passive elements for microwave analog circuits with high speed digital
circuitry [4] on SOL  Although digital circuits may take advantage of the kink effect of a partially-
depleted (PD) SOI devices to enhance the switching performance, fully depleted (FD) SOI devices
without the kink effect are usually required for analog applications since the kink effect would
severely degrade the output resistance and available gain. For mixed signal applications, it is possible
to integrate digital and analog SOI devices on the same chip by using a common body film thickness
and customizing the body doping profiles separately, i.e. low body doping is used for the FD-SOI
analog device, and higher body doping is used for the digital device. Fig. 5 shows the design space
for a 0.25 um FD-SOI analog device with 7 nm gate oxide. Such fully-depleted 0.25 yum SOI and
silicon-on-sapphire (SOS) devices have been fabricated and show excellent device characteristics (Fig.
6). Here I-V curves without self-heating are extracted by a novel pulsed measurement technique [5]
and the drain currents are typically 30% higher than dc static curves at high power levels. It must be
emphasized that the g, and r, values of SOI devices measured from dc static IV curves are erroneous
due to self-heating effects. With this new pulse technique, accurate true IV curves and thermal
equivalent circuits for digital and/or analog operation can be extracted directly. These SOI devices
have measured f7 values higher than 17 Ghz at 0.3 um channel length, which makes it possible for a
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high performance operational amplifier designed with 0.5 um ground rules and 2 levels of metal to
achieve 3.25 Ghz (simulated) unity gain bandwidth [6]. Despite some materials and processing
challenges, there is renewed interest in SOS due to its advantages over regular SOI in terms of self-
heating, noise, and backgate effects, as would a semi-insulating GaAs substrate offer.

One key challenge to low voltage low power mixed-signal designs is the headroom for analog circuits
when the CMOS supply voltage is reduced below 2.5V. There are several options to address this
issue, e.g., low-V, (or zero V, ) load devices, separate Vpp’s for digital and analog blocks, etc.. Low
V, devices can be used to increase the headroom when one common Vpp is used for both the digital
and analog circuits. In fact, even digital CMOS itself will need multipleV,’s as Vpp scales below 2V,
i.e., alow V, to maintain an acceptable V, /Vpp ratio (e.g., < 0.25) for the highest switching speed in
critical delay paths, and a high V, where necessary to minimize the standby power. On the other hand,
if one uses a higher rail-to-rail voltage for the analog circuits, attention must be paid to the gate
insulator integrity and reliability since high Vp may exist across analog devices.

Si BJT and SiGe-base HBT

Bipolar devices offer higher g,, and better precision than MOS for analog applications. Multi-
GHz Si BJT analog and communication circuits have been reported, e.g., 15.5 Ghz pre-amp [7], and 9
Ghz VCO circuits [8]. Extending the limits of Si BJT’s, thin base SiGe bandgap engineering by
UHV/CVD LTE techniques has pushed the fr of SiGe NPN transistors to over 100 GHz, and PNP to
over 50 GHz (Fig.7, 8). Very high beta-V, values and low noise are possible at high speed for SiGe-
base HBT’s [9]. Recently, a 12-bit DAC with over 1 G sample/sec performance has been
demonstrated using a self-aligned SiGe-base NPN HBT technology.[10] A 19 Ghz pre-amp using a
gas-source selective MBE SiGe HBT technology was also reported [11].

Monolithic integration of >30 Ghz Si BJT and >50Ghz SiGe HBT with 0.25mm CMOS has
been demonstrated [12], making them attractive for mixed-signal applications well into tens Ghz
range, albeit at some additional cost. SiGe HBT will displace some of the high frequency analog
applications which used to be the III-V territory. However, it will be quite a challenge to push SiGe
HBT’s well above 100 Ghz. Precise control of the SiGe heterojunction position and gradient as well
as doping profiles are crucial to speed and linearity.

Conclusions

With giga-bit memory chips (density, bandwidth) and giga-hertz logic chips (processing horsepower)
on the horizon, Si CMOS ULSI will be the foundation for high speed Ghz digital and mixed-signal
applications. CMOS-only technology will likely dominate mixed signal IC’s in the Ghz range and
below, and SOI will provide additional performance and density boost, especially at low voltage and
low power. Bipolar (Si or SiGe) analog blocks may be used as stand-alones or integrated with
CMOS for 10-100 Ghz applications. Besides device optimization such as r, and gate resistance
improvement for CMOS and f7-BVcgo and beta-V, improvement for bipolar, attention must be paid
to other analog elements such as resistors, capacitors, and inductors, as well as device matching and
noise reduction techniques.
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Fig. 1. Bulk CMOS scaling.
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Introduction

Heterojunction bipolar transistors (HBTs) have
high transconductance and extremely reproducible
DC parameters. These attributes make HBTs the
device of choice for high-speed precision analog and
mixed analog-digital circuits. HBT cutoff frequen-
cies are however considerably below that of high-
electron-mobility field-effect-transistors (HEMTs).

Scaling laws are central to high-frequency semi-
conductor device design. As the semiconductor
layer thicknesses and Schottky contact widths of
HEMTs and Schottky diodes are decreased, the
device bandwidths increase. It is remarkable that
power-gain cutoff frequencies fpaz of normal HBTs
do not significantly increase when the emitter di-
mensions are reduced below ~ 2 um. Consequently,
HBTs are not normally fabricated with deep sub-
micron dimensions.

Here we propose the Schottky-collector hetero-
junction bipolar transistor (SCHBT), a modified
HBT whose scaling properties should result in in-
creased cutoff frequencies. The SCHBT is derived
from our prior work on Schottky-collector resonant-
tunnel-diodes (SRTDs) [1, 2, 3]. The SCHBT, like
the SRTD, should obtain a large reduction in a
resistance-capacitance time constant, hence a large
increase in fmae, by extreme scaling through the
use of a submicron Schottky collector contact.

fimaz of the SCHBT increases as A~'/2, where A
is the process minimum feature size. An SCHBT
processed at A = 0.2 pym should attain frnaz ~ 600
GHz. While fabrication of a such a device will re-
quire development of sophisticated dry etching and
passivation technologies, it will be diffcult to ob-
tain similar cutoff frequencies with the conventional
HBT.

collector
collector T depletion
----- depletion layer

emitter /===

(a) (b)
[ Emitter base
B8 Emitter & collector Ohmics Il base Ohmics
[CJ undoped collector depletion layer
Schottky collector contact & interconnect metals

N+ subcollector

Figure 1: Layer structures and band diagrams com-
paring an SCHBT (a) to an HBT (b).

Scaling Laws

With the SCHBT (fig. 1), two features should re-
sult in increased bandwidth during scaling. First,
an epitaxial transfer process step inverts the tran-
sistor epitaxial layers during processing, allowing
fabrication of aligned emitter and collector contacts
with small widths W, and W,.. Second, use of a
Schottky collector contact in preference to a nor-
mal N1 semiconductor collector will permit scaling
the collector contact to deep submicron dimensions.
This scaling reduces rp»Cpp, increasing frmaz-
While the current-gain cutoff frequency f, =
1/2m(p + 7.) at high current densities depends
only on the base and collector transit times 7, ~
W(,2/2-Dn + Wb/'vsat and 7, = WC/szatv frmas =
v/ fr /8mrepCep involves the base resistance rp, and
the collector- base capacitance Cg,. Wy is the base
thickness, W, the collector depletion layer thick-
ness, and vy, the electron velocity. Regardless of
the value of f, transistors cannot provide power
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In the normal HBT (fig. la) the collector junc-
tion width W, is much larger than the emitter stripe
width W,, increasing C,;, and decreasing fmqz- The
collector-base capacitance Cgp, = €W, /T is propor-
tional to the collector width W, but is indepen-
dent of the emitter width. The base resistance,
Tbb = 1/PbcPbs /2l + Wepps /12 is dominated by the
base ohmic contact resistance term (y/ppcPps/2!)
and is consequently independent of the emitter
width for W, <~ 2um. pp. is the specific base
contact resistivity, [ the emitter stripe length, W,
the emitter width, pps = pp/Tp the base sheet re-
sistivity, and p; the base bulk resistivity. Since f;,
and rpCyp are independent of the emitter width, so
is frmaz. For emitter stripe widths below ~ 2 pm,
Sfmaz does not improve.

In contrast, SCHBTs (fig.1b) have W, = W..
This results in a smaller C,, and a significant in-
crease in fae. Inclusive of fringing fields, Cgp =~
el(W, + T¢)/T.. Ce, proportional to the collector
width, is proportional to the emitter width since
the widths are now equal. The base resistance
is still independent of W, and hence rppCep
W, + T.. Consequently, with T, and T} fixed,
frmaz x (W, +T.)~1/2. Bandwidth increases as the
inverse square root of the process minimum feature
size.

The Schottky collector also eliminates the col-
lector contact resistance r., but 7. has significant
impact on HBT bandwidth only when r.Cg, ~ 7,
e.g. for collector space-charge-thicknesses T be-
low 1000 & . In InGaAs/InAlAs SCHBTS the con-
tact is to InGaAs. Schottky contacts to N-InGaAs
result in very leaky junctions due to the small
0.2 eV conduction-band barrier, but it is the large
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0.5 eV walence-band barrier which is relevant here;
on base/Schottky-collector junctions with W, =
20004, we measure < 10A/cm? leakage at 4 V re-
verse bias.

Fig. 2 compares calculated HBT and SCHBT
cutoff frequencies versus W, for InAlAs/InGaAs de-
vices, using measured HBT parameters (T, = 2000
4, Ty, =800 &, 7+ 7. = 1.4 ps, pps = 137 /square,
Pbe = T0Q — pm?) taken from Hafizi et. al. [4]. Use
of Hafizi’s parameters, with fixed base and collec-
tor thicknesses, in calculation of the SCHBT scal-
ing properties is conservative, in that it is beneficial
here to reduce 7. and T} as W, is reduced. Even
assuming fixed T, and T, very high SCHBT cutoff
frequencies are projected (fig. 2).

There are limits to emitter and collector scaling.
As the emitter width is reduced, its periphery-area
ratio increases and the current gain @ drops due
to surface recombination at the emitter-base mesa
edge. In AlGaAs/GaAs, HBTs have attained very
low surface recombination rates through use of de-
pleted AlGaAs surface passivation layers [5]. In
InGaAs/InAlAs, reduction of § for narrow emit-
ters is much less severe because of the material’s
lower surface recombination velocities. An efficient
Schottky collector must be as wide as the emitter,
and alignment tolerances must be accommodated.
With a projection mask aligner, 0.5 yum features can
be defined at 0.2 ym alignment tolerance, resulting
in W, = 0.5um, W, = 0.9um, and f,q, = 330 GHz
is calculated (fig. 2). With electron-beam lithog-
raphy and reactive ion etching, W, = W, = 0.2um
should be feasible, giving a projected 580 GHz frmax
(fig. 2).

Fabrication

SCHBTSs require processing of both sides of the
transistor layers using epitaxial transfer (fig. 3) [6].
After a collector-up growth of the InAlAs/InGaAs
HBT layers on a InP substrate, metal is deposited
to form direct Schottky collector contacts to the
undoped collector depletion layer. The wafer is
then inverted and epoxied under vacuum to (e.g.) a
GaAs substrate, whereupon the InP substrate is re-
moved by an HCI selective etch. Alignment marks
on the collector surface are then made visible us-
ing a recess etch. The remaining processes (emitter
contact deposition, self-aligned base recess etch and
base contact deposition, base mesa etch, and pla-
narized emitter connections) then follow a normal
HBT fabrication sequence [4].

There are two demanding steps in HBT fabri-
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Figure 3: SCHBT fabrication process. Schottky
collector contacts are deposited on MBE grown
collector-up material (a). The wafer is inverted
and epoxied under vacuum to a GaAs substrate
(b). The InP substrate is removed by etching in
HCI (c). Remaining process steps follow a normal
HBT sequence (d).

base mesa
emitter contact

Schottky collector
running under
base mesa

Figure 4: Electron micrograph of an SCHBT with
W, = W, = 1lum subsequent to epitaxial transfer,
emitter and base ohmic contact depostion, and base
mesa etching.

cation; MBE growth with accurate positioning of
the base doping profile relative to the heteroint-
erface, and control of the recess etch used in the
self-aligned base process. SCHBT fabrication adds
the additional step of epitaxial transfer [6]. These
process steps can be integrated into a normal HBT
process flow. We have performed extensive ex-
periments on epitaxial transfer of HBT layers for
SCHBT fabrication. Fig. 4 shows a sample with
W. = W, = 1um after epitaxial transfer, the self-
aligned emitter-base processes, and base mesa etch-
ing. The epoxy- bonded transferred epitaxial films
are robust: experimental samples survive without
degradation ohmic contact sintering (300° C), hot
solvent cleaning, and the polyimide thermal cur-
ing cycles associated with the emitter planarization
process.

Conclusions

Cutoff frequencies of heterojunction bipolar tran-
sistors do not increase as process dimensions are re-
duced below 1 um. Schottky-collector HBT's should
attain progressively increasing cutoff frequencies as
the device dimensions are reduced. Successful real-
ization of devices with cutoff frequecies above 500
GHz is dependent upon integration of an epitaxial
transfer step into a normal HBT process, and devel-
opment of dry etching and passivation technologies
for fabrication of deep submicron emitters.

We acknowledge discussions with U. Mishra, W.
Stanchina, P. Zampardi, and G. Sullivan. This
work was supported by the AFOSR under grant
F49620-92-J-0469.
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GaAs grown at low substrate temperatures by molecular beam epitaxy (LT GaAs) and
subsequently annealed exhibits properties attractlve for photonic circuits incorporating ultrafast
photodetectors and active devices such as FET’s.! It is highly insulating, making it attractive as a
buffer layer to suppress backgating in FET’s, 2"and it exhibits sub- -picosecond carrier lifetime?
making it highly suitable for ultrafast photoconductlve switches.

Melloch et al.* have reported a high mobility (u =2 x 10® cm®V-'s™") AlGaAs/GaAs two-
dimensional electron gas (2DEG) grown on LT GaAs, but the carrier lifetime in the LT GaAs was
not measured. We used a similar wafer (subsequently referred to as #1) to fabricate integrated
photonic sampling circuits.” The wafer consisted of 1 um of LT GaAs grown at 250 °C on a
semi-insulating substrate, followed by 2 um of buffer layers and the 2DEG. Although the mobility
of the 2DEG was not degraded by growth on the LT layer, the carrier lifetime was = 40 ps, much
longer than the sub-picosecond lifetime of optimised material’. The apparent position of the LT
layer deduced from reflectance measurements on an etched sample was shifted from the position
expected from growth specifications and transmission electron microscopy. This is due to forward
diffusion® of excess As during the long anneal in the growth of subsequent layers.

In this paper, we describe the design and characterisation of a wafer in which the properties of the
LT GaAs layer were simultaneously optimised both as an ultrafast photoconductive layer and as a
buffer layer for the growth of high mobility 2DEG. Arsenic diffusion was reduced by annealing of
the LT layer prior to growth of the subsequent layers and by growing AlAs diffusion barriers
above and below the LT layer.’ The growth temperature of the LT layer was lowered to 220 °C,
and the buffer layer width reduced to decrease the overall annealing time. The layer structure is
shown in Table I. Two layers (A and B) were grown under identical conditions.

In order to measure the carrier lifetime in the region of the LT GaAs layer, samples were etched
using a combination of selective and timed etches to reveal the following layers: upper AlAs
(position 1), upper temperature-graded layer (2), top of LT GaAs layer (3), middle of LT GaAs
layer (4) and lower temperature-graded layer (5). The carrier lifetime was measured at room
temperature by photoluminesence (PL) upconversion and by transient reflectance (TR). The PL
data is shown in figure 1 (data from different positions are offset for clarity). The rise time of the
PL intensity (Tc = 100 fs) corresponds to the cooling of carriers from the non-equilibrium
injected distribution. The fall time corresponds to the carrier lifetime (Tr). Recombination in the
substrate causes an additional slow component, which increases in intensity as the etched surface
approaches the substrate. TR measurements at A =~ 860 nm are shown in figure 2, and were fitted
as the sum of two exponentials with time constants T¢ and Tr. The carrier lifetime obtained from
PL and TR measurements is shown in Table II. Good agreement is obtained between the two
measurement methods and the two wafers. The response at positions 1 and 2 is identical since the
AlAs layer is transparent at the measurement wavelength. In both samples, the carrier lifetime in
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the LT GaAs (positions 3 and 4) is measured to be 0.4 - 0.5 ps, with a slightly longer lifetime in
the temperature-graded region (position 2).

Thickness | Composition |n doping (cm™) | Temperature | Layer

10 nm GaAs 10" ' cap

45nm Al,Ga,As 1.3x 10" 615 °C donor layer

25 nm Al,Ga,As u.d. 615 °C spacer layer

0.2 um GaAs u.d. 600 °C buffer 2

0.2 um GaAs u.d. 600 °C buffer 2

5nm Al,Ga,As u.d. ) 10 period

5 nm GaAs ) superlattice

0.1 um GaAs u.d. 600 °C buffer 1
Anneal at 600 °C for 10 minutes

50 nm AlAs u.d. 600 °C

0.1 um GaAs u.d. 220 - 600 °C temp. graded

1 um LT GaAs u.d. 220 °C photoconductor

0.1 pm GaAs u.d. 600 - 220 °C temp. graded

50 nm AlAs u.d. 600 °C

0.1 pm GaAs u.d. 600 °C

substrate (100) GaAs

Table 1. Specification of integrated LT GaAs / 2DEG wafer.

PL count (arb. units)

reflectance (arb. units)

Figure 1. Time-resolved luminesence of wafer A.
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Figure 2. Transient reflectance of wafer A.

Wafer A Wafer B
Position Tr (ps) Position Tr (ps)

PL TR PL TR
1 0.70 0.99 1 1.72
2 0.70 0.85 2 1.25
3 0.44 0.42 3 0.49 0.45
4 0.43 0.36 4 0.44 0.47
5 0.44 5 0.38 0.54

Table II. Carrier lifetimes from PL and transient reflectance.




UTuC4-3 / 107

The properties of the 2DEG were investigated
by low-temperature = magnetoresistance 1.2
measurements. The sheet carrier '
concentration was determined both from the
period of the Shubnikov - de Haas (SdH)
oscillations and from the magnitude of the
Hall resistance (RH). Figure 3 shows clear
oscillations in the longitudinal magneto-
resistance. Carrier concentrations derived
from SdH and from Ry were in good

agreement. The sheet resistance (and hence
mobility) was determined from van de Pauw -
measurements. Measurements were made in 0.2}
the dark, and after illumination of the sample :
using an LED. All the wafers (1, A and B) 0.0 bt
show similar properties, with a maximum
mobility of = 360,000 cm®V's™. This value B (Tesla)
is typical of wafers from the same source and
indicates that the mobility is limited by the
background impurity level, and not by
additional defects due to growth on the LT

1.0 [
0.8 [

0.6 [

R, (kQ)

0.4

0 05 1 15 2 25 3 35 4

at 4.2 K showing SdH oscillations.

GaAs layer.
In dark INluminated
Wafer ng 7 ng u
(10" em™®) | (em?V's?h) (10" em® | (em?Vish
SdH | RH SdH | RH
#1 2.60 | 2.64 139,000 4.06 | 4.22 358,000
A 3.09 211,000 4.26 360,000
B 2.58 2.60 198,000 3.55 3.62 357,000

Table IIl. Carrier concentration and mobilities of GaAs/AlGaAs 2DEG layers at 4.2 K.

In conclusion, high mobility 2DEG layers were grown on a 1 um thick LT GaAs layer which
exhibited a carrier lifetime of = 0.5 ps. Such wafers are useful for monolithic integration of
ultrafast photodetectors and high electron mobility transistors.
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It is becoming increasingly critical to
successfully develop a compound semiconduc-
tor IC technology which is both high perfor-
mance and low cost to penetrate crucial large
volume markets such as future mm-wave wire-
less communications. This requires a simple
transistor technology which (i) exhibits high
performance across a wide bias range to perform
both transmit and receive operations, (ii) has
high threshold uniformity to enable high den-
sity, high speed signal processing circuits, and
(iii) has a basic technology which is relatively
transparent to the two commercially important
family of materials, namely, GaAs and InP based.
The Junction HEMT (JHEMT) technology which
is presented satisfies the above criteria.

The material system used is P*-GalnAs/
N-AlInAs/GalnAs on InP. In contrast to a con-
ventional Schottky-gated HEMT, the JHEMT
uses a highly doped p+ region to modulate the
2DEG. The barrier height of a JHEMT is there-
fore both high (determined by the work function
difference of the neutral p+ surface layer and the
2DEG, ~1.2eV) and uniform (solely determined
by the MBE growth).

A schematic of the device is shown in

* Department of Electrical and
Computer Engineering
University of California
Santa Barbara, CA 93106
(805) 893-3812

figure 1. The gate region is Be-doped with
p=1x10®cm?. A pseudo-delta doping scheme
is employed using a thin Si-doped donor layer
with n=1.2x10" cm?.
(2.5x10%cm?) and low resistance (300€Y/sq)
access regions are achieved, because the low
surface work function of the AllnAs (~0.5eV)

adjacent to the gate. This is crucial in ensuring

High sheet charge

that the access regions do not limit device cur-
rent and gain,,,. The energy band diagrams for

the gate and access regions are shown in figure

A
—I Gate

200A GalnAs:Be

B
7] i [ £ A
NN ' A
I 100A AllnAs [v/-5s
S 50A AllnAs:Sil-Dix
I 17A AllnAs |22,
TR N N NN
\f\-’\f\/ e e L A et a e .'-.‘-.'-.'.5‘..'..'-.'..'..'-. -’\f\/"\
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g ad 2500A AllnAs
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Figure 1. Device schematic of fabricated
0.2um gatelength JHEMTs. A-A' and B-B'
denote cross-sections of the gate and access
regions, respectively.
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Figure 2. Energy band diagram of JHEMT at
cross-section A-A' (Top) and cross-section B-
B' (Bottom).

2. The variation of the channel sheet concentra-
tion and mobility as the access region is etched
is shown in figure 3.

JHEMTsS in the AlGaAs/GaAs system
were first demonstrated by Ohata et al., in
1984. Recently, we demonstrated a P*-GalnAs/
P*-AllnAs/N-AllnAs/GalnAs on InP JHEMT
with an f__ of 110 GHz. The performance of
that device was limited by a poor aspectratio and
high gate contact and feed resistance. The de-
vice presented here has both an improved aspect
ratio and a reduced gate resistance by eliminat-
ing the P*-AllnAs layer. Furthermore, an im-

proved ohmic contact technology and the incor-
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poration of a T-shaped gate metal dramatically
reduces the input resistance.

The record results achieved from de-
vices with 0.2um gate length are presented be-
low. The full channel current and transconduc-
tance for a 100pum wide device is 460 mA/mm
and 520 mS/mm, respectively, with a gate-
source separation of 0.5pum. Figure 3 shows the
dc I-V characteristics of the P*-GalnAs/N-
AllnAs/GalnAs JHEMT. Simultaneously, the
two-terminal gate-drain breakdown voltage was

over 10V for a gate-drain spacing of 1.5um. For
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Figure 3. Electron mobility and carrier con-
centration versus etching time of the access
regions.
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Figure 4. Drain I-V Characteristics of a
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JHEMT.
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Figure 7. Minimum noise figure and associ-
ated gain of a 0.2um x 100pum P*-GalnAs/N-
AllnAs/GalnAs JHEMT at 12GHz.

devices with a gate-drain spacing of 2.5V the
two-terminal breakdown voltage was 16V.
For a source-drain spacing of 2um, the f,
and f _ were as high as 100 GHz and 220 GHz,
respectively at a drain voltage as low as 1V.
Figure 4 shows the RF gain versus frequency
and figure 5 shows the drain voltage dependence
of f,and f__ . The decreasein f, at higher drain
voltages is due to higher parasitic transit delay
caused by an increasing output conductance,.
As previously mentioned, the threshold voltage
in such devices is solely determined by the
uniformity of the growth. Thus, the standard
deviation of threshold voltage for 50 devices
across a 1x1.5 in? sample was 13.7mV. Finally,
state-of-the-art minimum noise figure (0.4dB)
and associated gain (15dB) at 12GHz are also
obtained at a drain bias of 2V ;.. The minimum
noise figure and associated gain is plotted versus
drain current in figure 6. In summary, we
believe that no technology to date incorporates
all these features and satisfies the requirements

presented above.
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Non-linear electron dynamics in semiconductor nano-structures define a rich scientific arena with potential impact
on novel devices in the terahertz regime, a relatively technology poor part of the spectrum. Experiments abound
that explore the spectrum of collective and single particle excitations in nanostructures in the terahertz regime, but
"real devices" are inevitably driven far-from equilibrium and there are few experiments that address non-linear
dynamics in nanostructures. Here we describe two related experiments that attempt to address the terahertz
dynamics of quantum transport in resonant tunneling structures. In the first, we determine the intrinsic relaxation
time in resonant tunneling diodes by measuring the "rectified" response from 120 GHz to 3.9 THz. In the second,
photon assisted tunneling is explored in sequential resonant tunneling superlattices. Finally, we return to resonant
tunneling diodes and speculate on the prospects of recovering photon assisted tunneling and narrow band terahertz
gain in resonant tunneling diodes. :

These experiments are made possible by the UCSB free-electron lasers that deliver kilowatts of tunable radiation
from 120 GHz to 4.8 THz. A third FEL, coming on-line, is designed to generate frequencies as high as 10 Thz.
The FELs produce a quasi-CW pulse that can be varied from 1psec to 10’s of pisec. A Hsec, quasi-CW, pulse
appears to be a contradiction in terms. However, the characteristic elastic and inelastic relaxation times in

semiconductor systems is orders of magnitude faster than the [sec long pulse. At the same time the operating
frequencies of these FEL's cover the important relaxation rates and resonant frequencies of semiconductor systems
and dynamical information is recovered in the frequency domain.

Intrinsic Relaxation of Resonant Tunneling Diodes. Resonant tunneling diodes, (RTD’s), exhibit stron;
differential negative resistance and are potentially important for high speed switching” and terahertz oscillators”.
The resonant tunneling structure used here consisted of an InGaAs/AlAs/InGaAs/AlAs/InGaAs double barrier
heterostructure grown on InP. The room temperature I-V is shown in Fig. 1.

To determine the high frequency behavior of the resonant tunneling, we would ideally like to measure this I-V at
Thz frequencies. This is not practical. Rather we measure the second derivative of the I-V by treating the RTD as
a detector. At low enough frequencies the “rectified response” will simply be proportional to the DC second
derivative, while at frequencies where the device can no longer follow the high frequency fields, the response will
“roll-off”. It is important to point out that the observation of a rectified response at some frequency does not
provide much information, It is only the broad band frequency dependence of this response that conveys
dynamical information.
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Fig. 1. The DC I-V characteristic of the Frequency (THz)

RTD, top. The normalized rectified response

at 300 GHz, 600 GHz, and 3.5 THz, bottom, Fig. 2. The normalized rectified response at

two different bias points in the resonant
tunneling regime. Relaxation at 650 GHz

resonant tunneling regime, is normalized by the off implies a relaxation time of 240 fsec.

resonant response for positive bias, beyond the negative
resistance region.

In Fig. 1, the normalized response is shown for three different frequencies, 300 GHz, 600 GHz and 3.5 Thz. It is
gratifying to find that the off-resonant response for negative bias, beyond the negative resistance region, shows
little frequency dependence while the resonant tunneling regime shows a strong relaxation at high frequencies.3

The normalized, rectified response is shown in Fig. 2 from 120 GHz to 3.8 THz for two different bias points. Both
have a relaxation frequency of the order of 650 GHz but the behavior near threshold exhibits a plateau. This
implies that there are contributions to resonant tunneling, and its rectified response at threshold, that are extremely
fast and suffer no relaxation in our frequency range.

The roll-off at 650 GHz implies a relaxation time of 240 femtoseconds. It is tempting to ascribe this to the quasi-
bound state lifetime, the time it takes an electron to tunnel through the double barrier/quantum well system. But,
recent theory of quantum rectification in these devices, by Wingrcen4, argues against this interpretation. It is
possible that the time represents the relaxation time of the screening space charge in the structure, but this
interpretation must be confirmed by a systematic study of the dependence of this relaxation time on material
parameters. Although the relaxation behavior is not easily reconciled with existing theory, it does present a
measure of the intrinsic relaxation of these quantum transport devices, at frequencies some two orders of
magnitude higher than previously measured.

Photon Assisted Tunneling. If ot > 1 in a system that supports coherent transport, classical rectification is
described as photon assisted tunneling. Here electrons tunnel through an insulating barrier but gain or lose energy
equal to one or more photons. This process is particularly important, for it has the potential to make possible a
tunable laser ° or a medium with tunable narrow band gain. 6
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M The essential physics governing photon assisted tunneling
THz is found in the early work of Tien and Gordon 7 that

explained quasi-particle tunneling in superconductor-
insulator-superconductor, (S-I-S), junctions.  Singular
features in the current voltage characteristic, I(V), are

replicated as features at I(V £ nho), where nhois n units

of photon energy. Specifically the I(V) characteristic
becomes

=3 an(eae )-I(V+nhm),
1 - Photon N=—00 ho

E l where J, is the nth order Bessel function and e, a, and E
§ are the electron charge, junction barrier thickness and
£ high frequency electric field, respectively.
¥

[

3

2 - Photon The early work by us simply bonded a wire to a relatively

orr t large mesa and relied on the bond wire to both measure

the current-voltage characteristic and couple the FEL

radiation into the device® More recently we have

00 N integrated these superlattices into "Bow Tie" antennae

°© o1 02 03 04 05 which has enhanced the coupling and exposes multi-
Volts photon assisted resonant tunneling .?

0 - Photon

The current voltage characteristic of a ten period
characteristics in a "bow tie" antenna at 12 K, superlattice that supports sequential resonant tunneling is
with and without the presence of radiation at shown in Fig. 3 at 12 K, with and without radiation at
343 THz 3.43 THz. Features appear that correspond to sequential

resonant tunneling into one and two photon side bands of
the excited state of a neighboring well.. The dependence of the photon assisted tunneling on the radiation intensity
exhibits a non-monotonic behavior, in semi-quantitative agreement with the theory of Tien and Gordon.

Fig. 3. Superlattice current-voltage

An important goal of the current research is to establish photon assisted tunneling in RTD's, to open the
possibility of a material system with narrow band gain. If successful we will have driven RTD's from the electronic
side of the electronic/photonic side of the technology ledger, with descriptions of .gain in terms of negative
resistance, to the photonic side, and concepts such as population inversion.
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Time-resolved terahertz (THz) emission
spectroscopy is a powerful tool to investigate
coherent processes in semiconductors. With this
measurement technique, Bloch oscillations of
optically excited electron wave-packets in
GaAs/AlGaAs semiconductor superlattices have
been observed [1]. All time-resolved experi-
ments carried out up to now with this and other
techniques [2,3] concentrated on wave-packets
generated by resonant excitation of excitonic and
free-carrier states of the Wannier-Stark (WS)
ladder at the fundamental bandedge of the con-
duction band. Here, we present evidence for
Bloch oscillations obtained by excitation of WS
ladder states at photon energies as high as 70-
80 meV above the fundamental bandgap. This
surprising result is interpreted as evidence for
carrier scattering processes that preserve the re-
lative phase of the Wannier-Stark states forming
the wave-packets. Our observation suggests that
Esaki-Tsu emitters based on electrical injection
of electron wave-packets into a superlattice may
be realized.

THz emission for above-bandgap excitation
has been observed for six GaAs/Al,;Ga,,As su-
perlattices with calculated zero-field e1-mini-
band widths of 8-45 meV. The superlattices con-
sist of 35 periods of nominally 13.6-nm- to 6.1-
nm-thick GaAs well layers, and barrier layers
with a thickness of 1.7 nm for all samples.

In the time-resolved measurements, the
sample, held at a temperature of 10 K, is excited
by 150-fs laser pulses from a Ti:sapphire laser.
Wave-packet oscillations induced by the simulta-
neous excitation of several WS ladder states lead
to the emission of submillimeter-wave radiation
that is detected with an optically gated photo-

conductive dipole antenna.
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Detected Electric Field (a.u.)

Fig. 1. THz transients at different photon energies
of the excitation pulse. Bias: -1.5 V (Wannier-Stark
regime); T = 10 K.

In Fig. 1, detected THz transients from a
sample with an el-miniband width of 13 meV
are plotted for different photon energies of the
optical excitation pulses. The sample is biased
into the WS regime (voltage: -1.5 V). Time-de-
lay zero is chosen arbitrarily. The photon energy
is tuned from 1.531 eV just below the funda-
mental bandgap to 1.642 eV exciting into the se-
cond (e2) miniband (hh2-e2 transition: onset es-
timated to be at 1.624 eV; 1h2-e2 transition: on-
set at 1.657 eV). For bandedge excitation, the
signal consists of a single-cycle transient emitted
during excitation of the superlattice. It is attribu-
ted to instantaneous polarization [4]. For excita-
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tion at higher photon energies, an oscillatory
transient is observed for all energies up to
1.642 eV. The amplitude of the oscillations
peaks at about 1.540 eV, close to the strongest
hhl-el exciton resonances at the fundamental
bandgap. For higher energies, the oscillation
amplitude first decreases but increases again to
reach a second maximum at 1.61-1.62 eV, in the
energy range of the excitonic hh2-e2 transitions.
The oscillations are observed for photon ener-
gies as high as 80 meV above the bandgap.
They disappear at 1.642 eV. The frequency of
the oscillations changes slightly with the photon
energy. This is a consequence of the fact that
the internal electric field is not independent of
the excitation conditions. Field screening leads
to a reduction of the internal electric field - and
hence of the oscillation frequency - e.g., when
the density of the excited charge carriers rises as
a result of an increase of the absorption coeffi-
cient at higher photon energies [2].

The oscillating THz radiation emitted after
coherent excitation at photon energies of approx.
1.54 eV is known to result from Bloch oscilla-
tions of e1 wave packets [1-3]. A feature charac-
teristic of Bloch oscillations is the bias-field
tunability of the oscillation frequency. This is il-

T 1 T Applied
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<<
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Fig. 2. Bias-voltage dependence of the detected
electromagnetic signals at a photon energy of
1.540 eV of the excitation pulse.

lustrated in Fig. 2, where THz transients for ex-
citation at 1.540 eV are shown for a series of
bias voltages. Below a reverse bias of -1.0 V,
the external voltage is screened by photogenera-
ted charge carriers accumulating at the bounda-
ries of the superlattice. The THz signal consists
mainly of an instantaneous contribution. Bloch
oscillations can only be excited for higher rever-
se bias when the internal field increases linearly
with the bias voltage and WS resonances evolve
from the el miniband. Above -1.0 V, Bloch os-
cillations are detected via an oscillatory THz
signal with a frequency depending linearly on
the bias voltage as expected for Bloch oscilla-
tions. Frequencies up to 3 THz are resolved in
this measurement.
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Fig. 3. Bias-voltage dependence of the detected
electromagnetic signals at a photon energy of
1.615 eV of the excitation pulse.

To determine the origin of the oscillatory
signal for excitation at higher photon energies,
we trace the THz transients at 1.615 eV for dif-
ferent reverse bias voltages. There, transitions
from the hh2 to the €2 miniband are excited,
whereas the 1h2-e2 transitions are not reached
yet. Figure 3 shows detected THz transients for
a series of bias voltages. At low reverse bias up
to -1.2 V, when the external voltage is screened,
only an instantaneous THz signal is resolved [4].
In the WS regime, above a reverse bias of -1.2
V, several cycles of a strong oscillation become
visible. The frequency of the oscillations rises
linearly with increasing field.

The results for a photon energy of 1.615 eV




bear a strong similarity to those at 1.540 eV. For
that reason and specifically because of the linear
bias-dependence of the oscillation frequency, we
conclude that the oscillatory signals in the data
of Fig. 3 originate from Bloch oscillations. At
other photon energies, equivalent results are ob-
tained allowing us to extend this conclusion to
all oscillatory signals observed in Fig. 1.

It is emphasized that we have only estab-
lished Bloch oscillations as the origin of the sig-
nal; for excitation well above the bandgap it is,
however, not evident what states contribute to
the formation of the Bloch wave packets respon-
sible for the emission of electromagnetic radia-
tion.

The most likely interpretation of the data [5]
assumes excitation of states in the e and Ih mini-
bands above the bandedges and subsequent ul-
trafast scattering in k-space. The Bloch wave-
packet emitting THz radiation is probably conti-
nuously reformed during scattering events (the
final states of scattering processes are again WS
ladder states) or formed by coherent WS states
at the bandedges after scattering has taken place.

Based on four-wave-mixing data, it is gene-
rally assumed that a relaxation process destroys
the phase of a quantum-mechanical system. In
this picture, coherent phenomena like Bloch os-
cillations would be disrupted by the scattering
process. Our data, however, indicate that scatter-
ing processes exist that preserve the relative
phase (what we may call the intraband or quasi-
static phase) of the excited WS states forming
the Bloch wave-packets even though the infer-
band (optical) phase, probed by four-wave-mix-
ing, is lost.

The experiments provide a further hint of
such an interpretation: The maximum resolved
frequency of the Bloch oscillations is always
lower for excitation high above the bandgap
than for bandedge excitation. In Fig. 3, the ma-
ximum frequency is 1.7 THz, significantly smal-
ler than the 3 THz resolved in the data for band-
edge excitation of Fig. 2. This difference might
result from an incomplete phase memory of the
relaxation process. High-frequency signals are
expected to be more strongly affected by a par-
tial loss of phase information than low-frequen-
Cy transients.

The role of different scattering processes is
speculative at the moment. The data suggest
conservation of the intraband phase during car-
rier-carrier scattering expected to rapidly redi-
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stribute the carriers in k-space for all excitation
energies. The data are less clear in disclosing the
role of LO-phonon scattering, to be considered
for excitation of states located at least one LO-
phonon energy (36 meV) above the fundamental
bandedges. The cut-off for Bloch oscillations at
an excess photon energy of 70-80 meV seems to
suggest that a single LO-phonon scattering event
destroys the intraband phase. However, this
conclusion is based on the assumption that the
excess energy of 70-80 meV (approx. twice the
LO-phonon energy) is distributed evenly bet-
ween conduction and valence band. As this is
not supported by the calculation for the relevant
optical transitions, the role of LO-phonon scat-
tering at present remains unclear.

We indicate a practical significance of our
observation. A question of great interest is whe-
ther it is possible to obtain Bloch oscillations
after electrical (not optical) injection of electron
wave-packets into a superlattice. It is believed
that scattering destroys the coherence so rapidly
that electrical injection is of no avail. This as-
sumption may well be incorrect (at least for low
temperatures) as intraband phase information ap-
parently survives during scattering.

It appears then feasible to realize optically
or electrically driven Bloch oscillators based on
coherent emission of electromagnetic radiation.
We have recently analyzed theoretically the effi-
ciency of emitters pumped with optical pulses
[6]. An interesting feature of such emitters is the
superradiant character of the emission resulting
from the coherence of the optically excited di-
poles. Superradiant emitters can be optimized in
such a way that as many dipoles as possible
contribute to cooperative emission into the same
electromagnetic mode. It can be shown that it is
theoretically possible to extract the energy avai-
lable for emission (energy between the optically
excited states forming the WS wave-packets)
completely with a radiation pulse [6]. Further-
more, amplification of a THz wave by phase-
correct feedback of the wave into a coherently
prepared material is viable, e.g. with the help of
an external cavity.
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Recently, considerable theoretical and experimental effort has been directed towards understanding the frequency-
dependent response functions of mesoscopic structures. This work bears directly on controversial issues such as the
tunneling time through a barrier [1], and the complex admittance of mesoscopic systems [2]. At terahertz frequencies
the admittance is predicted to crossover to a frequency-dependent regime.

Although direct measurements of the terahertz admittance are extremely difficult, measurements of the change in
de current due to terahertz excitation are relatively straightforward. Such measurements can also reveal the predicted
crossover. Above the crossover frequency the induced current (photocurrent) is predicted to be frequency-dependent,
with high frequencies producing a greater photocurrent than low frequencies. This regime is conventionally termed
“photon-assisted transport (PAT)”.

In this paper, we report the first measurements of the photocurrent Al,, as a continuous function of frequency v
in a 2DEG tunnel barrier. The spectra were measured as a function of both barrier height and perpendicular magnetic
field. The results provide strong evidence that the time-averaged current is due to PAT.

A description of the device [3] and measurement setup can be found in [4,5]. Briefly, the device consists of a 460
nm wide channel etched in a 2DEG with mobility 800,000 cm?/V-s and density 1.6x10" cm=2 at 42 K, at a
AlGaAs/GaAs heterojunction. The channel widens into millimeter-sized regions of 2DEG to which standard ohmic
contacts are made. Application of a negative voltage, Vg, to a metallic gate of width 230 nm across the narrow
section of the channel creates a barrier of adjustable height, E, (see Figure 3). In the measurements reported here, a
dc bias of 100 pV was applied between source and drain. The sample was immersed in 3He at 500 mK in the center

of a split coil superconducting magnet.
To measure the frequency dependence of Al we use a pulsed rather than cw source and a novel method for

coupling radiation to the tunnel barrier [5]. Nearly single-cycle electric-field pulses of 5 ps duration are generated by
femtosecond laser excitation of antenna-coupled Auston switches external to the cryostat. The pulses are coupled
quasioptically from free space to the sample assembly placed in the bore of the magnet. The sample assembly
consists of a receiver chip and a chip which contains the tunnel barrier. A 600 pm dipole antenna on the receiver

couples the pulse to an impedance matched coplanar transmission line Smm in length. The transmission line is
connected via wire bonds to the gate electrode and one of the 2DEG contacts.
To determine Al (v) we first measure the current, Al (7), generated by a pair of pulses as a function of the

time delay, T, between them. Al (v) is then simply obtained from the Fourier transform of Al (7).

We discuss first the dependence of the spectra on B. Figure 1a shows the real part of Al (v) at several magnetic
fields, measured at the value of Vg which gives the maximum response (point O in inset of Figure 2a). The
spectrum with B=0, shown in the lowest curve in of Fig. 1a, has two main features: a peak at = 25 GHz and a

broadband response from = 100-200 GHz whose shape is largely determined by the spectral density of the excitation
pulse. These two features differ dramatically in their dependence on B, as the spectra indicate. Ata relatively small

field, 0.25 T, the 25 GHz peak disappears, and a peak with reversed sign appears at 100 GHz. With increasing B the
negative-going peak continues to shift to higher frequency while the broad component of the spectrum remains

relatively unchanged for fieldsup to 1 T.

The dependence of the sharp peak on B is indicative of a magnetoplasmon excitation of the 2DEG. The lower
panel of Fig. 1 is a plot of the peak frequency vs. B, including both the positive peak at B=0 and the negative peak
at nonzero field. The solid line is the upper branch of the magnetoplasmon spectrum expected for the GaAs 2DEG.
It has been demonstrated experimentally that the higher magnetoplasmon mode is well described by v +2(B)=Vp2+v62,
where v, and v, are the 2D plasma and cyclotron frequency, respectively [15]. The fit was obtained with vp=25 GHz,
which corresponds to a confinement length of 0.8 mm, using the measured 2DEG density and a GaAs band mass of
0.07 m,. The confinement length scale suggests that the plasmon is an excitation of the mm scale 2DEG "leads" to

the quasi-1D wire.
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The behavior of the spectra as a function of B suggests that heating due to magnetoplasmon absorption by the
2DEG cannot explain the broadband component of the induced current. If this were the mechanism then we expect
Al (v) to peak only near frequencies at which the 2DEG absorbs energy from the electromagnetic field. Instead, the
magnetoplasmon appears only as a perturbation of the field-insensitive continuum.

Next, we consider the dependence of Al (v) on barrier height E,, depicted in Figures 2a and 2b. The main part
of panels (a) and (b) compare spectra recorded at the operating points labeled in the inset of Fig. 2a by primed and
unprimed letters, respectively. Both panels include the spectrum at the point "O" where Eg=Erand the magnitude of
the induced current is greatest. For E,<E; (Fig. 2b) the low-frequency response is strongly suppressed with
increasing | Eo-Ey| . For example, at 100 GHz the magnitude changes by a factor of five over the full range of V,,
while the response at 200 GHz changes by a factor of two. The suppression of low-frequency response is
emphasized in the inset of Fig. 2b, in which the curves are normalized to the spectrum recorded at point "O." For
E>E; (Fig. 2a) the change in response is qualitatively similar, but the magnitude of the effect is much weaker. For
example, at 125 GHz the magnitude drops by 32% as the response at 200 GHz changes by 25%.

In addition to the data described above, we have recorded spectra at B=1 T where the magnetoplasmon absorption
of the 2DEG is well above the spectral range of the pulse. The behavior in Figs. 2a and 2b is observed at this high
field as well; suppression of the low-frequency response as Ejis varied away from E;, and a much stronger effect
when E0<Ef'

The observation of a frequency dependent photoresponse, which depends on barrier height, is strong evidence that
the terahertz radiation couples directly to the barrier region. In addition, the suppression of the low frequency
response for E;>Eyis consistent with an intuitive picture of PAT: a high frequency photon can provide an electron
with enough energy to surmount a potential barrier while a low frequency photon cannot. It may appear surprising,
however, that suppression of low frequencies is observed for Eg<Ey as well. Understanding this behavior requires a
more realistic model of photon-assisted transport. The dashed curves in Fig. 2 are a simple fit to a model for
photon-assisted transport [6].

Figure 3 shows a sketch which helps to illustrate the frequency dependence expected for PAT in a degenerate
Fermi system. In the presence of an harmonically varying potential, V,, an electron incident from the left-hand side
will undergo inelastic in addition to elastic scattering. To first order in V, the inelastic processes are transmission
with the absorption or emission of a single photon. As Fig. 3a illustrates, when E;>E overcoming the barrier
requires that hv2 Eg—E;. For Ey<E; (Fig. 3b), hv2E; - E, is required in order to reach unoccupied states above

the Fermi level. Therefore spectra for E; above and below the barrier are expected to show a threshold when
hv =|Ef - Eo|.

Finally, we consider other mechanisms for the observed photocurrent: differential heating due to absorption in
the ohmic contacts or wire bonds and classical rectification. Both appear to be ruled out immediately because the
photocurrent spectra are sensitive to the properties of the device, i.e., they depend on gate voltage. However, it may
be argued that the spectral shifts reflect a V, dependence of the spectral density of terahertz radiation coupled to the
device rather than PAT. To explain the observed behavior, low-frequency radiation would have to couple poorly to
the device for E;>E;, go through a maximum when Ey~Ey, and decrease again for E4,<E;. The coincidence of
maximum coupling at Eg~E, particularly when the device impedance is varying monotonically, seems unlikely. As
a result, we believe that PAT provides the most reasonable description of the data.

In conclusion, this experimental study has demonstrated that PAT provides a consistent explanation for dc
current induced across a tunnel barrier by terahertz radiation.

We wish to thank Jeff Beeman for technical assistance. This work was supported by the U.S. Department of
" Energy Contract No. DE-AC03-76SF00098, the Packard Foundation, the Sloan foundation (P.L.M.), and the Royal
Netherlands Academy of Arts and Sciences (L.P.K.).
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' ' N Figure 1: (a) Re[al,(v)] at typical
magnetic fields. (b) Plot of low
frequency resonance at 25 GHz vs.
magnetic field (boxes). Solid line is a
fit to the magnetoplasmon dispersion
relation.
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In analogy to electrons in a crystal, the propagation of electromagnetic (EM) waves in a
three-dimensional dielectric structure can be forbidden for a certain range of frequencies. These
three-dimensional structures that are called photonic band gap crystals, have recently received both
theoretical and experimental attention[1-3]. The early research in the field has concentrated on
possible optical frequency range applications that take advantage of reduced spontaneous emission,
such as thresholdless semiconductor lasers and single-mode light-emitting diodes. The proposed
applications were later extended to the millimeter and sub-millimeter wave regime, like efficient
antennas, sources, waveguides and other components that take advantage of the unique properties
of photonic bandgap materials[4]. But, the difficulties associated with the fabrication of smaller
scale structures along with the unfeasible three-dimensional structure designs, have restricted the
experimental demonstration of the basic photonic band gap crystals to microwave frequencies (12-
15 GHz).

We have recently designed a new three-dimensional structure that may alleviate some of the
problems associated with earlier photonic band gap designs[5]. The new structure, shown in Fig.
1, is constructed of layers of dielectric rods. The stacking sequence repeats every four layers,
corresponding to a single unit cell in the stacking direction. In order to build a 500 GHz crystal,
we have used silicon micromachining techniques[6-8]. Fabrication consisted of defining stripes
that were parallel to (111) planes and subsequently etching the wafers in an KOH etch solution.

The testing of the crystal was performed by using a terahertz free-space spectroscopy
setup. The dynamic range of the system was around 30 dB for frequencies up to 550 GHz. The
crystal consisted of 16 stacked silicon wafers (corresponding to 4 unit cells) for transmission
measurements. The characteristics along the stacking direction were obtained by placing the
structure on the beam path, so that the transient radiation propagated in a plane perpendicular to the
top surface of the structure. Figure 3 shows the transmission characteristics of the propagation
along the stacking direction. The lower edge of the photonic gap is at 370 GHz, while the upper
edge is at 520 GHz. This is very close to the calculated bandgap edges of 378 GHz and 518 GHz.
The average measured attenuation within the bandgap was around 30 dB which was limited by the
dynamic range of the experimental setup. Our calculations for the bandgap frequencies predicted
the attenuation to be as low as 65 dB. We are currently working to improve this frequency
performance by building a 2 THz crystal.

Although silicon micromachining has been very successful to build three-dimensional
photonic crystals, the relatively low resistivity of silicon can be a problem for certain applications.
Alumina with a typical resistivity six orders of magnitude larger than the resistivity of silicon
would be a good dielectric material to build photonic crystals. In order to build alumina based
millimeter wave photonic crystals, we have patterned the wafers by means of laser machining.

The square-shaped alumina wafers (Kyocera 96% alumina: resistivity > 1010 Q-cm) used
in this work were each 2.54 cm x 2.54 cm, and 380 um thick. The pattern consists of 24 parallel
stripes, each 460 wm wide and separated by 840 pm wide gaps. These stripe dimensions and the
wafer thickness determine the center of the forbidden photonic gap—calculated to be 95 GHz in
this case. The stripes are 3.1 cm long so that the 24 stripes form a square 3.1 cm x 3.1 cm pattern.
The stripes are cut by means of laser machining the alumina crystals, where a high power carbon
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dioxide laser cuts the separation gaps between the stripes. The laser machining was performed by
a commercial vendor (Accumet Engineering, Hudson, MA).

Once the wafers were laser machined, we have stacked them to build a photonic crystal.
The crystal is then tested with a W-band transmission measurement set up[6]. Figure 3 shows the
transmission characteristics obtained, when the EM waves are incident at the front surface of the
crystal with an incidence angle of 45 degrees. For such a propagation direction, the band gap falls
within the measurement limits of the experimental set up. The valence band edge occurs at 92
GHz, while the conduction band edge is at 108 GHz. The transmission characteristics of the
structure along these directions and for other directions and angles, are all in good agreement with
our theoretical calculations which predicted a full band gap from 92 GHz to 105 GHz.

Besides testing the transmission properties of the new crystal, we have also fabricated
defect structures by means of removing material from the crystal. Figure 4 shows the transmission
characteristics of a defect structure. The defect is built by removing a portion of one of the alumina
stripes. The defect occurs at a frequency of 98 GHz, and has a peak amplitude 26 dB below the
incident signal level. To our knowledge this is the first demonstration of a three-dimensional
photonic band gap defect structure at millimeter wave length regime. The availability of such defect
structures at this wavelength scale will be useful for a number of millimeter wave applications
including filters, resonators and sources.
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Figure 1. This figure schematically illustrates the design of the three-dimensional photonic bandgap
crystal. The structure is built by an orderly stacking of dielectric rods and repeats every four layers
in the stacking direction.
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Figure 2. EM wave transmission through the micromachined crystal in which the
wavevector of the incident radiation is normal to the wafer surfaces. The arrows
indicate calculated band edge frequencies.
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Figure4. A defect structure appears at 98 GHz, when a portion of the alumina
stripe is removed from the crystal.
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When illuminated by femtosecond lasor pulscs, where the photon energy lics above
tﬁe optical absorption bandedge, GaAs emits pulsced Submillimeter—wa\}e (THz)
radiation via ultrafast photocarrier transport. The radiation emitted from the
scmiconductor surface has both forward (transmitted direction) and backward
(pscudoroflected dircction) components. This radiation has been used to coherently
probc the ultrafast clectronic propertics of the semiconductor. However due to
technical difficultios associated with THz beam mcasurements, there are still
many unanswered gquestions. For cxample, a detailed compariron and analysis of
amplitude and phase of the forward and backward THz radiation has not reported.
In this talk, we present recent measurements and analysis of the amplitude and
phase of both forward and backward THz radiation via ultrafast photocarrier
Lransp'urt. Based on these results we are able w qualitatively and guantitatively
explain anomalous THz emission from metal/semiconductor interfaces. All these
interesting '~ results which have not been reported before will improve our

understanding of THz emission {rom semiconduclors.
A summary of vur recenl measurements indicates that.

[1] For the component of the optically induced electromuagnetic transient
perpendicular to the semiconductor surface, the amplitude of backward component
is greater than forward component. For example, from an unbiased GaAs wafer at

a 45° angle of incidence, the field strength of the backward signal (in air) is

8) Romo Luburatory, Hauscom Air Force Base, MA 01781
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approximatlely 40% stronger than that of the forward signal (in air). However the
component of the electromagnetic transient paralle] to the surface, such as that
produced in a biased semiconductor at normal optical incidence, the backward field
strength is about 33% weaker than the forward field. These measurements are
consistent with the predictions of our model of ultrafast photocarrier transport,

which is based, in part, on thc mecthod of images, as used in classical

electrodynamics,

2] The forward and backward THz radiation havc opposite polarity if the
transiont photocarricrs move perpendicular to the semiconductor surface, as in the
presence of a surface dopletion ficld, and the same polarity if the photocurrent
propagates parallel to the semiconductor surface, ag in the presence of a planar
bias field. The direction and polarity of the backward, forward, and first reflected

THuz signals are consistent with the dipole radiation modol.

[8] Due w the polarity flip between the forward and backward THz fields,
generated via the static surface depletion field, by adding an optically transparent
conducing plate (ITO film) on the top of the semiconductor surface, we can redirect
(reflect) the backward THz field into the forward direction, thereby enhancing the
total forward propagating signal. Since the backward field undergoes a phaso
reversal after it reflects from metal film, it propagates in phase and constructively
interferes with forward field, increasing the total forward field. Our preliminary
meagurements huve indicated an increase in the forward signal exceeding over

81%.

(4] In a previous publication (Appl. Phys. Lett., 65, 682, 1994), the anomalous
behavior of THz beams emitted from metal/GuAs interfuces was reported. Therein,
we obscrved thal at normal incidence, the TIlz signal decreased with increasing
melal filin thickness, which we attributed to both an increase in reflectivity and
absorption in the thicker filing. However, al oblique incidence, THz emission
increased with increasing metal thickness until reaching a maximum when the
film was approximately 80 A thick. Now this observation can be explained by
considering a partial reflection of the backward THz field into the forward direction
by the ultrathin conducting {ilm on the GaAs. The reflected backward signal then
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adds or subtracts to the initial forward signal depcnding on the direction of the

optically induced electrical transient.

[5] Since the backward radiation is stronger than the forward radiation. Figure
1 plots a THz waveform from an unbiased GaAs wafcr. The signal to noige ratio is
better than 250 with a lock-in time constant of 800 microseconds (not milliseconds)!
We used a Coherent MIRA laser and 100 pm photoconducting antenna detector.
The backward signal can be directly measured by connceting the photocondueting
antenna to an osacilloscopc. Our measurements indicate an average peak signal
exceeding 7 mV, which corresponds to a low limit of 7 V radiated from an unbiased
wafer. Further we expect an over 10 V radiation ficld can be achieved by coherently
combining both forward and backward signals with thc usc of an ITO plate on the

front surface of unbiagsed wafer.

In summary, we report our recent measurements and analysis of both the
amplitude and phase of forward and backward propagating THz radiation from
bulk semiconductor, via ultrafast photocarrier transport. We also present the
detailed measurement of backward THz signal from an unbiased wafer versus

polar angle.
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Electro-Optic Probes: High-Permittivity Crystals vs.
Low-Permittivity Polymers
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K.J. Herrick, N. Dib, and L.P.B. Katehi, Radiation Laboratory, Dept. of Electrical Eng. and
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J.-L. Coutaz, LAHC, Universite de Savoie, Campus Scientifique, 73 376 Le Bourget du Lac
Cedex, France; Tel.: 33 79 75 87 50

Despite the success of external electro-optic (EO) probing in measuring ultrafast time-
domain signals with an extremely large bandwidth [1], issues involving the invasiveness of the
probe, the repeatability of the measured results, the ability to measure low-frequencies, and the
calibration of voltage signals have served to impede the impact of EO sampling on high-speed-
device and circuit testing. The main problem associated with the external probe is the high
permittivity of the EO material used (e.g., lithium tantalate has a relative permittivity which is as
high as 44). This probe not only creates an impedance mismatch and reflections, but it also
renders the measurement results somewhat unreliable by preferentially excluding electric fields of
certain frequencies depending on the height of the probe, h, with respect to the circuit under test.

This paper presents two novel solutions to the problems associated with situating an EO
probe in a fringing field while still maintaining the positioning flexibility of the external probe: the
use of stable, electro-optic, polymer-film probes with relative permittivities of approximately 3
[2]; and the correction of the frequency dependence of the probe by application of its inverse
transfer function to the Fourier transform of the measured data. Furthermore, we demonstrate for
the first time the frequency-dependent behavior (from dc to the terahertz regime) of the electric
field interaction between either a high- or low-permittivity EO probe and a coplanar transmission-
line circuit using a finite-difference, time-domain (FDTD) computational analysis. The simulations
substantiate the dramatic benefit afforded by the use of the polymer probe.

The problems encountered with LiTaO3 probes can be virtually eliminated by changing the
crystal to a low-permittivity, electro-optic polymer. While this scheme has been considered
previously for measurements on circuits coated with an EO polymer [3], this investigation
employs a polymer-probe tip that can be freely positioned. Figure 1 shows an FDTD analysis of
picosecond-duration waveforms measured by both a LiTaOj3 crystal and a probe fabricated from a
polymer of 10-pum thickness and € = 3. Both probes produce virtually the same waveform when
h = 0, but when they are raised above the lines by 50 pm, the LiTaO3 probe gives a distinct
negative component, while the waveforms from the polymer probe are qualitatively nearly
identical. Simulations for the LiTaO3 probe indicate that the negative 'tail' appears due to the
concentration of electric field, and especially low-frequency signal components, between the high-
permittivity material and the circuit under test. The electric field is essentially avoiding the high-
permittivity material when another path is available. In contrast, there is no loss in low-frequency
components for the low-permittivity probe. This result is significant because of the previous
perception that bipolar time-domain signals implied the coupling of radiation into LiTaO3 probes.
Simulations of the dynamic electric-field patterns have been compiled in a movie to demonstrate
how the electric field is concentrated below the surface of a dielectric probe, to the point of
extending significantly up the side of a LiTaOj3 crystal elevated even a small distance above a
transmission line.

One concern regarding an EO-polymer probe is sensitivity. Since the EO modulation
depth is determined by m « n3ry, where n is the index of refraction, and r is the electro-optic
coefficient, sensitivity will be lower for typical polymers which have rjj and n values smaller than
those of EO crystals. However, for the high-permittivity probe to have the same low invasiveness
as that of the low-permittivity one, it has to be elevated, sacrificing sensitivity. Therefore, if both
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types of probes are applied in a low-invasive configuration, their sensitivities are approximately
the same. However, one avoids the elevation-dependent frequency response of the LiTaO3 probe
by employing the polymer. In addition, for some EO polymers, when the probing wavelength is
decreased to be closer to the absorption peak, the induced nonlinearity leads to an enhanced EO
coefficient without excessive absorption. The r can be as high as 100 (which is three times higher
than that of the LiTaO3) while the absorption is low enough to make high-speed measurements.
With the advancement of short-pulse laser sources in the 400 - 450 nm region (either by optical
upconversion or frequency doubling), the low permittivity probe has the potential to out-perform
its LiTaO3 counterpart from every perspective. In addition, the reflection from the low-
permittivity probe is less than 5% even when in contact with a circuit, which is very good in
comparison with a 30% reflection for the high-permittivity probe [4].
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Figure 1. Time-domain waveforms measured by electro-optic probes as simulated using finite-difference, time-
domain computations: (left) arbitrary probe in contact with circuit under test; (middle) LiTaO3 probe elevated

above the circuit by 50 um; (right) polymer probe elevated above the circuit by 50 um.

Polymers with relatively high electro-optic coefficients that are also stable in air are now
being synthesized [2]. When problems in our facilities with poling the materials (e.g., application
of an electric field of 100 V/um at nearly 100°C) are solved, we believe that it will be possible to
fashion these materials into small probes to demonstrate their functionality for electro-optic
sampling.

Although a high-permittivity LiTaO3 probe will always be more invasive or have a greater
frequency dependence than a low-permittivity probe, there is one method that can be used to
obtain a more faithful version of a waveform measured with this probe. This involves the use of
the inverse transfer function from the LiTaO3 probe response to correct for distorted transients
measured when h > 0. A semi-empirical analysis similar to that used for planar transmission lines
[5], where the effective permittivity increases with frequency due to the frequency-dependent
hybrid-mode behavior, is used to arrive at a system response for the probe

H( )= dee e = feq) [ (1+afol 1))

Jer

where €, is probe permittivity, £q is the low-frequency effective permittivity (which can be
determined in practice by solving the 2-D Poisson's equation), f, is a transition frequency, f is
frequency, and a and b are geometry-dependent terms. As a demonstration of the utility of the
inverse transfer function, the negative component in an experimental waveform measured by a
LiTaO3 probe raised 5 pm above a coplanar stripline (Fig. 2) — which results from low-frequency
field expulsion — has been removed by simply dividing the spectrum of the waveform by the
system response function. Figure 3 shows the waveform measured by the LiTaO3 probe ath =0,
along with the waveform from Fig. 2 after application of the inverse transfer function. The
waveforms are virtually identical, except for the small positive tail that was measured with the
LiTaO3 probe contacting the circuit. This may indicate that the probe system response is not
completely accurate for the low-frequency electric fields, but it still allows for a dramatic
improvement of a measured signal by a high-permittivity probe that is elevated above a circuit in
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order to decrease invasiveness.
Very significant benefits realized by the use of an external electro-optic probe of low

permittivity have been demonstrated through a detailed full-wave analysis. Experiments and
simulations for LiTaO3 high-permittivity probes have also helped to prove that the field
concentrates between the probe and the circuit under test, and it does so with a frequency
dependence that leads to measured signals that exhibit negative tails. It is possible to correct high-
permittivity probe effects through the application of an inverse transfer function, although not

with the accuracy afforded by using a polymer probe.
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Figure 2. Short pulse measured by high-permittivity LiTaQ3 probe elevated 5 um above circuit.
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Ultrafast electrical pulses are beginning to be used for performing broadband frequency
domain characterization of circuits -2 and for test and failure analysis of digital circuits.? With
frequency components in the terahertz regime, these pulses have been used for the
characterization of transmission lines for high-speed interconnections on integrated circuits,! and
for measuring microwave S-parameters.~ Generation of ultrafast electrical pulses has been
developed using pulsed lasers on semiconductors.#~0 Some of these techniques require special
materials or geometries, which makes it difficult to use these methods as an analysis tool as in
Ref. 2. However, edge illumination requires no special designs other than a coplanar
transmission line.

Subpicosecond electrical pulse generation by edge illumination occurs by illuminating,
with a laser pulse, a small area of a semiconductor between an electrically biased transmission
line. This phenomenon has been well studied on GaAs substrates.%.7 The experiments of
Alexandrou et al.” thoroughly characterized the mechanism of edge illumination on GaAs and
provided motivation for further studies by strongly supporting the material-independent theory of
Sano and Shibata.8 To further reinforce this theory, the effect of edge illumination must be
shown on semiconductors other than GaAs.

We report on our experimental studies of edge illumination of coplanar transmission lines
on Si and InP. Our experiments add further evidence that the ultrafast electrical pulses produced
by edge illumination are a result of an electromagnetic field disturbance. By applying the method
of edge illumination to Si, we demonstrate a mechanism for generating the fastest electrical
pulses on Si to date.

A Ti:sapphire laser (with ~140-s pulses) was used in conjunction with our electro-optic
sampling system9 to excite and measure the ultrafast phenomena. Figure 1 shows the
experimental setup of our coplanar transmission lines, excitation area, and sampling points. A
coplanar transmission line on an InP substrate is excited with 720-nm light and generates the
subpicosecond pulses with full-width at half-maximum (FWHM) of 550 fs shown in Fig. 2. Of
particular interest is the difference in the shoulders following the pulses. Probing ~100 um from
the excitation, we can observe the local field by studying the pulse shoulders. Sampling the
electric field on the same side as the excitation (point A) results in the observation of a positive
shoulder, while testing on the opposite side (point C) we observe a negative shoulder. Finally, by
sampling near the center (point B, or more precisely in the gap at the edge of the excitation
pulse), the effect of the local field is balanced and only the propagating pulse is observed.
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Fig. 1. An electro-optic finger probe is placed on Fig. 2 The metal-semiconductor interface of InP is

top of a coplanar transmission line to optically detect illuminated with red light. The electrical transient
electrical transients. The metal-semiconductor response is electro-optically sampled between the

interface is illuminated by an ultrafast laser pulse, and coplanar electrodes at three points ~100 pm away from
the electrical response is measured at points A, B, and the excitation: (A) at the excitation electrode, (B) near
C. the center of the gap between the two electrodes, and

(C) at the un-excited electrode.

Si has a large penetration depth at 720 nm; therefore, we decided to use 400-nm
excitation, which has a much smaller penetration depth. As shown in Fig. 3, these pulses with
~1.0-ps FWHM are similar in shape and duration to those of InP excited with red light, and also
of those previously obtained on GaAs.” Once again we observe the effects of the local electric
field: positive shoulder at point A, negative shoulder at point C, and no shoulder in the center
(point B). Moving our probing beam ~20 pum from the excitation beam, Fig. 4 shows the 1.1-ps
FWHM pulse shape on Si when sampled with a balanced local field (similar to point B in Figs. 2
and 3).
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Fig. 3. Exciting Si by edge illumination with blue light ~ Fig. 4 An electrical pulse of 1.1-ps FWHM was
produces ultrafast pulses. The electrical response of Si ~ measured on Si ~20 pm from the excitation point.

at the three sampling points is similar to InP as shown in

Fig. 2.
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Our results directly support the Sano and Shibata theory. The local field in the vicinity of
the excitation is observed, and only the subpicosecond pulse propagates down the transmission
line. We believe our success in generating a pulse on Si is due to our choice of excitation
wavelength. The only other successful ultrafast pulse generation on Si was performed on a
silicon-on-sapphire (SOS) substrate where the Si layer was much less than the penetration depth
at the excitation wavelength.

The band structure in Si is totally different from that of InP and GaAs. Thus, our results
show that the mechanism behind edge illumination is not material dependent. Therefore, it
appears unlikely that electrical pulses arising from edge illumination are a result of intervalley
scattering, as was suggested for GaAs.0 The applicability of this method to a variety of materials
(Si, GaAs, and InP) makes edge illumination a powerful technique for ultrafast pulse generation
in semiconductors. Another useful feature of edge illumination is that it can be performed with
existing transmission lines on integrated circuits; it requires no additional designs.

By utilizing edge illumination, broadband frequency domain characterization of devices
fabricated on Si and InP can be as easily performed as those on GaAs, as was shown by
Alexandrou et al.] When combined with an electro-optic sampling system, edge illumination is a
simple and powerful tool for in situ characterization of circuits.

This research is supported by University Research Initiative at the University of
Rochester sponsored by the Army Research Office grant No. DAAL03-92-G-0112. C.-C. Wang
acknowledges support from the Frank Horton Graduate Fellowship Program.
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Impact ionization in wide-band-gap materials under high-field
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Impact ionization coefficient under extremely high electric field is a very important
parameter in electron transport. Because of the electric breakdown under high electric
field, the impact ionization parameter is measured at DC fields up to 15 MV /cm in
Si0,[1]. In this paper, we report that by employing femtosecond laser pulses, we were
able to measure the impact ionization parameters of SiO; and MgF; in electric fields
as high as 280 MV/cm.

We utilized a Ti:sapphire laser system based on the chirped pulse amplification
(CPA)[2] in our experiment. The laser wavelength was 780 nm. Laser pulses with
adjustable pulse width from 150 fs to 7 ns were focused onto SiO; and MgF; sam-
ples. An electron avalanche process happens when the laser electric field exceeds the
breakdown threshold. The general equation to describe the growth of the electron

density is given by

where n.(t) is the free electron (plasma) density, and n(E) is the avalanche coeflicient.

The second term on the right hand side is the photoionization contribution, and the
third term is the loss due to electron diffusion, recombination, etc. When the pulse-
width is in the picosecond regime, the loss of electrons is negligible during the duration
of the short pulses. We have shown that avalanche ionization is the dominant process

under our experimental conditions[3]. Therefore, neglecting the last two terms on the
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right, the electron density at the end of the pulses is given by
n(7) = noexp(—n7) (2)

where ng is the initial electron density (which is about 10® ~ 10°%m™3), 7 is the
pulse duration, and 7 is the avalanche ionization coefficient. In our experiments,
we measured the laser fluences when the final electron density reaches the critical
plasma density (~ 2 x 10! cm™ in our case) at different pulse durations. We obtained
the avalanche coeflicient n as a function of the electric field. The impact ionization
parameter is related to n by n = avain. Under the high electric field the drifting
velocity of the electrons is saturated at about 107 cm/sec. Therefore, by measuring
the electric breakdown threshold as a function of laser pulses, we can derived the
impact ionization parameter as a function of the electric field.

The impact ionization coefficient has been studied theoretically first by Wolff
and Shockley[4][5]. Thornber[6] has derived an expression for a(FE), which applies
to the entire electric field strength, which is important for us to compare with our

experimental results:

el E;
a(E) = T P <_E(1 TEE) T EkT) ; (3)

where U; is the ionization energy, Fir, F,, and E; are threshold fields for carriers

to overcome the decelerating effects of thermal, phonon, and ionization scattering,
respectively. In Fig. 1, we show our experimental and calculated results. As can be
seen, the experiment agrees with the theory very well.

In summary, for the first time, we have measured the impact ionization parameter
of a wide band gap material up to 280 MV /cm. Impact ionization parameter at high
electric field can be measured by femtosecond lasers using laser induced breakdown
in a regime where avalanche ionization is the dominant mechanism, and with electric
field that are orders of magnitude stronger than that can be applied with dc or

switching techniques.
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Electro-optic sampling has been used in the
ultrafast time-resolved characterization of ac-
tive devices such as modulation-doped field-
effect transistors (MODFETSs) [1,2] and het-
erojunction bipolar transistors. One of the
most interesting measurements is the large-
signal response of an active device, because
it gives information on an ultrafast time scale
about the nonlinear response of the device.
Such measurements require a photoconduc-
tive switch geometry that allows independent
control of the device operating point and the
photoconductive excitation; these have been
developed by Frankel et. al. [1]. Ideally, to
reduce and control access parasitics, the de-
vice under test should be monolithically inte-
grated with the coplanar test fixture. In this
paper we report a study of photoconductive
signal generation in structures similar to those
of Ref. 1, monolithically integrated with high-
performance MODFETs. We show the re-
sults of photoconductive excitation, and show
how positioning of the excitation beam affects
the generated signal. Our results show that
changes in the direction of the photogenerated
current with respect to the coplanar stripline
has little effect on the signal observed 1.5 mm
away. We show that the photogenerated sig-
nal is step-like in form, and compare our re-
sults with a 2-D model of the carrier trans-
port including Schottky contact effects. The
process is composed of a rapid screening of

the field by photogenerated carriers, followed
by a slower process of charge collection.

In Figure 1 we show the top-view of the
input side coplanar stripline fixture that is inte-
grated with a pseudomorphic AlGaAs/InGaAs
MODFET. The MODFET, which is at the
right-hand end, is mesa isolated and the gate
and source are integrated with the metallic
coplanar electrodes.  The drain and source
are integrated with a similar coplanar line ex-
tending to the right. The coplanar electrodes
are formed by first mesa etching into the nom-
inally undoped MBE-grown GaAs bulffer, fol-
lowed by evaporation of a metal stack consist-
ing of Ti, Pt, Au and TiW. Finally, 2um of
Au is plated to lower the electrode resistance.
A SiN passivation layer is deposited over the
entire coplanar electrode area including the
GaAs buffer. This is removed by CF4 reac-
tive ion etching outside the active area of the
MODFET. All gaps are 5pm, and the coplanar
electrode widths are 55um to the right of the
switch; to the left the three electrode widths
are 25, 25, and 55pm, respectively.

Electro-optic measurements are made

T § S 2
MODFET]

_;,———aﬂ GDJ

Fig.1 Coplanar stripline test fixture geometry
and excitation positions (not to scale). S, D,
and G are the integrated MODFET contacts.
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Fig.2 Response for excitation at the three

pump positions shown in Fig. 1.

with 150 fs pulses from a Ti-Sapphire laser
operating at approximately 830 nm, a mixer-
based detection scheme, and an external
electro-optic sampling tip. The pump is fo-
cused on the gap through an f=10mm lens
followed by a subminiature right prism that
turns the beam; incorporation of ccd-camera-
based microscope systems in both pump and
probe paths allows us to observe the exact
position and focusing of the two beams.

In Fig. 2 we show the voltage measured
at a location 1.5 mm from the excitation po-
sition. The three curves correspond to pump
excitation at three different locations in the L-
shaped gap, as shown in Fig. 1, where the bias
voltage is SV. Positions (a) and (c) involve ex-
citation of identical carrier distributions with
identical electric fields, because the interelec-
trode gap is the same in both locations. The
only difference between excitation at (a) and
(¢) is the direction of the photogenerated car-
rier motion. Such a difference might be ex-
pected to lead to differing excited signal am-
plitudes, because of differences in the electro-
magnetic coupling between the photocurrent
and the propagating modes on the coplanar
striplines. However, little difference between
the two generated signals is observed. We
also note that excitation at the corner of the
L-shaped gap, position (b), leads to a signifi-
cantly larger generated signal.
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Fig.3 Response for excitation at position (b)
as a function of switch bias, as labelled.

In Fig. 3 we show the generated signal as
a function of DC bias across the switch, mea-
sured 1.5 mm from pump excitation at posi-
tion (b) of Fig. 1, . It is interesting to no-
tice that the initial pulse-like part of the pulse
starts to saturate at a bias of approximately
7.5V. However, the latter part of the pulse
does continue to increase in amplitude with
increasing bias, and starts to show an increas-
ing delay before reaching a peak amplitude.
The behavior seen in Fig. 3 suggests that the
response can be separated into two events:
the first is a rapid pulse-like response, and
the second a slower step-like response. The
slight difference in decay time seen compared
to Fig. 2 is attributed to slightly differing ex-
citation conditions.

We have modelled the photoconductive
switch using the MEDICI two-dimensional
simulator, which incorporates drift, diffusion,
and thermionic current self-consistently with
Poisson’s equation. The simulation is in-
tended to model excitation at point (a) or (c)
of Fig. 1 We incorporate photogeneration with
a 150 fs FWHM Gaussian temporal profile,
and a peak integrated photocharge density of
10'8cm3, corresponding to experimental con-
ditions; the pulse peak occurs at t=300fs. The
spatial distribution of photogeneration is also
Gaussian, with a profile exp {—r?/a®} where
a = 1 pm. In Figs. 4(a), (b), and (c), we show
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the electron density, hole density, and poten-
tial contours at t=300fs. The 5um electrode
gap is in the vertical direction, and Schottky
contacts lie along the top and bottom of the
areas shown. Even at this early time, the elec-
tric field is nearly completely screened in the
middle of the excitation area, as can be clearly

seen in rhw potential contours of Fig. 4(c).

In Fig. 4(d) we show the contact current as

a function of time. The behavior is simi-

lar to the experiment, showing a rapid peak

as the photogenerated carriers screen the ap-
plied bias. Once the field is screened, current
drops and a slower process occurs consisting
of electron and hole collection by diffusion in
the center of the excitation area and drift near
the contacts. The slight oscillations visible
on the calculated current are due to the finite
simulation grid density. Finally we compare
our results with those of Ref. 3, in which the
role of hot-carrier scattering to satellite val-
leys was discussed. Because we use lower
energy excitation, this cannot be a factor in
our experiments. We also note that the form
of the current shown in Fig. 4(d) is strikingly
similar to the experimental measurements in

InP reported in [3], which suggests that hot-

carrier effects may not be necessary to explain

the sharp peak they observed.

This work was supported by the Natural
Sciences and Engineering Research Council
of Canada.
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Ultrafast carrier dynamics in damaged and nonstoichiometric Gallium arsenide

1,2

(GaAs:X) has attracted much attention. Among those materials, the arsenic-rich
GaAs film grown by molecular beam epitaxy (MBE) at low substrate temperatures of
about 200 °C (so-called LT-GaAs), exhibits the shortest carrier relaxation time

).2 Recently, the electrical properties

reported to date, about 200 femtoseconds (fs
of arsenic-rich GaAs layer fabricated by arsenic implantation of GaAs substrates
(GaAs:As) have also been studied.>* This material exhibits similar electrical
characteristics as the MBE grown LT-GaAs materials and requires simpler and less
costly fabricating process. These advantages would make GaAs:As an attractive
alternative to LT-GaAs which have been shown to be very promising for applications in
ultrafast electronics and optoelec’cronics.5 In the present paper , we report
preliminary data on ultrafast carrier dynamics of As-ion implanted GaAs samples. The
carrier lifetimes have been determined for substrates implanted with different dosage
of arsenic ions.

Semi-insulating (100) GaAs substrates were implanted by dense arsenic ions with
dosages of 1013 to 10" ions-cm_2 and energy of 200 keV. The distributing depth of
the implanted layer is about 2000 8° The resulting As excess concéntrations were

estimated to be a maximum of 2%, at a depth of about 90 nm. Time-resolved

reflectivity measurements were performed with 80-90 fs pulses of a mode-locked
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Ti:sapphire laser at 786 nm (~ 1.58 eV), i.e. the photon energy is approximately 150
meV above the bandgap of normal GaAs. The absorption depth at this wavelength is
approximately 0.7 um at room temperature. The carrier density at the surface is
estimated to be less than 10'® cm™3. Typical detection sensitivity as small as one
part in 10°.

Transient responses for arsenic-ion-implanted GaAs are shown in Fig.l for the
substrates damaged by As ions at dosages of 10" ‘and 10" ions/cmz. Decay time as
short as 160 fs is already attained at dosage of 1013 ions/cmz. At 1015 cm—?‘, the
result is system-limited and should be = 160 fs. The response is fitted well over 2
orders of magnitude by a single exponential function with a time constant of 160 fs.
This is already shorter than those reported for LT—GaAs,5’6 thus proving the

potential of As-ion-implanted GaAs as candidate for ultrafast optoelectronic

applications.
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We report on the computed and experimental studies of an ultrafast, all-silicon optical
receiving and modulating system that is compatible in processing with the integrated-circuit
technology. A silicon metal-semiconductor-metal (MSM) photodiode is demonstrated to be an
optical receiver with resolvable bit rate as high as 60 Gb/s. An all-silicon light-intensity
modulator is proposed as an optical transmitter. The field-effect nature of this proposed
modulator provides high-speed performance in addition to low-power dissipation. A sample
device with 300-um interaction length is calculated to have a modulation depth of ~40% with
5-V bias, and the operational speed is expected to be 70 GHz, limited by the RC time constant.

Experimentally, an MSM diode with 200-nm electrode separation was made on
crystalline silicon. A subpicosecond electro-optic sampling system was used to measured the
response of this diode to femtosecond laser pulses. Figure 1 shows that the response of a 200-nm
diode to blue light has a full-width at half-maximum of 3.7 ps. Furthermore, it recovers fully to
its original, nonconductive state within 16.5 ps, which infers that it provides a resolvable bit rate
as high as 60 Gb/s.
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Fig. 1 A 200-nm silicon MSM diode recovers fully ~ Fig. 2 Schematic view of the SOI waveguide
to its original, nonconductive state within 16.5 ps  modulator.
after its excitation.
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Since silicon is not a suitable material for semiconductor lasers, we propose an all-silicon,
ultrafast, integrable light-intensity modulator as the optical transmitter. Figure 2 shows the
schematic view of the modulator. The silicon-on-insulator (SOI) structure forms an optical
waveguide. An interdigitated structure is deposited on top of the silicon layer to form the
interaction region of a distributed modulator in the form of a Bragg reflector. A microstrip line
guides the electrical signal to the metal fingers and alternately biases the fingers, forming
forward- and reverse-biased Schottky junctions with silicon. There are larger depleted regions on
the reverse-biased sides, as shown in the shaded part of Fig. 3. In the depleted regions, the carrier
concentration is lower, and the optical index of refraction is larger, known as the carrier-
refraction effect. If the optical wavelength is 1.55 pm, the difference of refractive index between
depleted and undepleted regions is 0.005 for a p-type silicon with carrier concentration of
3 x 1018/cm3.1 Thus, there is a field-induced Bragg reflection, with reflectivity modulated by the
applied electric field.

To obtain the maximum modulation depth, Bragg condition must be satisfied, i.e., A=
M2, where A is the period of finger electrodes, as shown in Fig. 3, and A is the guided
wavelength. If the thickness of the silicon layer is chosen to be 100 nm to sufficiently guide the
TEo mode of 1.55-um light, then the modulation depth can be calculated using coupled-mode
theory2 as a function of bias voltage and the interaction length, as shown in Fig. 4. The carrier
concentration in this calculation is p = 3 x 1018/cm3. Figure 4 shows that a modulator with
300-um interaction length has a modulation depth of ~40% with 5-V bias, which is adequate for
most applications.
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Fig. 3 The depleted and undepleted regions form a Fig. 4 The modulation depth is a function of

field-induced Bragg reflector, which converts the index interaction length and applied voltage. The thickness
modulation to light-intensity modulation. The TEg of the guiding layer is 100 nm, and doping is
mode profile is shown to the right of the modulator. p=3x 1018/cm3.

Because it is a field-effect device, the operational speed is dominated by the RC time
constant. For example, a modulator with 60-nm finger width, 120-nm finger spacing, 3-im finger
length, and 300-um interaction length is calculated to have a capacitance of 0.22 pf. 3Ifa
microstrip line with 10-Q impedance is used, the bandwidth of this modulator would then be
1727RC, or about 70 GHz.




146 / UTuE7-3

Combining the MSM diode and the modulator, an all-silicon, ultrafast, optoelectronic
interface is proposed.
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Rochester sponsored by the Army Research Office grant No. DAAL03-92-G-0112. C.-C. Wang
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Si-based integrated optoelectronics for
high-speed applications demands ultrafast
photodetectors with a good quantum collec-
tion efficiency (QCE). Several approaches
towards such diodes have been pursued in
the past: (i) Ultrashort electric transients of
5 ps duration (FWHM) can be derived from
planar metal-semiconductor-metal (MSM)
photodiodes with interdigitated metal finger
structures [1]. The speed is determined by
the sweep-out time of the photogenerated
carriers. However, for very fast response, a
metal finger seperation of typically 300 nm
is required and electron-beam lithography
has to be employed in the fabrication pro-
cess [1]. (ii) Electric pulses with a sub-ps
FWHM are derived from conductance-life-
time-limited photodetectors such as photo-
conductive switches [2]. Unfortunately,
those detectors suffer from a very low QCE
on the order of 10°.

As an alternative, sweep-out-limited
MSM detectors with vertical electrode ar-
rangements promise a good compromise of
high speed and high QCE without the need
for electron-beam lithography in the fabrica-
tion process. The basic idea is to achieve a
small conductor spacing with the help of a
buried conductor instead of laterally exten-
ded interdigitated electric contacts [3]. In
contrast to lateral photodetectors, the tempo-
ral response of vertical Si photodiodes
should not depend on the wavelength (i.e.
the penetration depth) of the incident optical
pulses. Here, we present a detector based on
single-crystalline Si(100) wafers with a

buried layer of single-crystalline metallic
CoSi, under the Si surface grown by mole-
cular beam epitaxy (allotaxy) [4] and by
ion-beam synthesis (mesotaxy) [5]. The top
Si films are 370 nm and 70 nm thick, re-
spectively. In the latter case, 380 nm poly-Si
is deposited onto the 70 nm Si film to in-
crease the photoactive-layer thickness.

Light-Transmittiing MSL Contact
Contact Pads

Silicide Layer

Fig.1. Design of the vertical Si MSM photodetec-
tor. The detector mesa is integrated into an Al-SiO,-
CoSi, MSL of 5 mm length,

Figure 1 illustrates schematically the
structure of our vertical MSM photodiodes
[6]. The active zone consists of a Si mesa
with a semi-transparent 10-nm Al top metal-
lization (window size: 20x20 um?®) in bet-
ween an Al ring electrode. The electrode is
connected to the top conductor of a 5 mm
long microstrip transmission line (MSL).
The CoSi, layer underneath the photosensiti-
ve Si film serves as the back Schottky con-
tact of the diode, a buried light reflector
(R=40 %) and the ground plane of the MSL.
The mesa structure prevents speed-limiting
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carrier diffusion into low-field regions. To
gain maximum speed, the dimensions of the
photodiode have to be chosen carefully.
With a Si layer thickness of 370 nm and
450 nm for the diodes, carrier sweep-out is
expected to occur within 4-11 ps when a
carrier drift velocity on the order of
4-10x10° cm/s is taken into account. The
area of each ring electrode is 30x30 um? to
ensure a RC time constant below 4 ps (MSL
impedance R=12 ).

To determine the temporal response of
the photodetectors, we employ electro-optic
(EO) sampling in a conventional pump-
probe scheme. We illuminate the active
zone of the vertical photodetector with 150-
fs Ti:Sapphire-laser pulses at a wavelength
of 720 nm. Photogenerated electric pulses
are probed electro-optically with a LiTaO,
crystal placed onto the MSL 200 pm away
from the photodiode. On this length scale,
dispersion and attenuation of ps-electric
transients are negligible for this type of
MSL [7].
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Fig. 2. Pulse response of a vertical Si MSM photo-
detector fabricated on allotaxially grown Si-CoSi,-Si
substrates at room temperature and at 30 K.

In Fig. 2, the temporal response of a
vertical photodetector on an allotaxially
grown substrate is depicted for various tem-
peratures. At room temperature and 0.5 V
bias, the signal rise occurs on a time scale
of 15-20 ps. A peak amplitude of 40 mV is

obtained. The signal decays rather slowly
with a time constant of approximatively
180 ps. At 30 K, the speed of the photode-
tector is considerably enhanced. For a bias
of 1 V, the signal increases with a time con-
stant of 4.4 ps to a peak amplitude of
17.5 mV. The signal decreases biexponenti-
ally with time constants of 3 ps and 40.6 ps.
The temporal response of the photodetector
depends only weakly on the external bias.
The peak amplitude rises only by a factor of
2 when the external bias is increased from
0.5 V to 7 V while the shape of the electric
pulses remains identical.

We attribute the much slower speed of
the vertical photodetector at room tempera-
ture to the presence of shallow traps leading
to thermally activated hopping transport of
the carriers. This type of transport is strong-
ly suppressed at 30 K resulting in the long
pedestal in the trailing part of the electric
transients. The observed lower peak ampli-
tude and reduced average photocurrent at 30
K as compared to 300 K result from the fact
that fewer carriers contribute to the signal
output at low temperatures. The traps are
likely to be associated with dislocations in
the Si film on top of the buried CoSi, layer
created during the growth process.

With 1 V of reverse bias of the Al/Si
contact, one obtains a sensitivity of 6 mA
per Watt of incident optical power. This
translates into an external QCE of 0.5%. As
2-3 % of the incident photons are absorbed
in the top Si layer (at a wavelength of
720 nm), 17-25 % of the photogenerated
carriers are collected at the contacts.

Photodetectors realized on mesotaxially
grown Si-CoSi,-Si substrates with an additi-
onal poly-Si layer show lower speed and ef-
ficiency even at low temperature (compare
Fig. 3). This is to be expected from the
crystal quality of the photactive layer con-
sisting mainly of poly-Si with a high density
of defects. However, it is possible to apply
very high external voltages (up to 50 V) and
to achieve optically switched voltage pulses
on the order of 0.5-1 V.

In conclusion, we demonstrate a new
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Fig. 3. Pulse response of a vertical Si MSM photo-
detector fabricated on mesotaxially grown Si-CoSi,-Si
substrates for various bias voltages at 77 K.

concept for fast Si photodetectors based on
Si-CoSi,-Si substrates. No electron-beam
lithography is needed in the fabrication pro-
cess. Characterization of the detectors via
time-resolved electro-optic sampling establi-
shes the high-speed potential. The carrier
collection efficiency at present is 17-25 %.
There is substantial room for improvement
of both speed and collection efficiency by
further advances in the growth of defect-re-
duced Si-CoSi,-Si substrates.
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The mechanism and potential application to ultrafast optoelectronics of
THz radiation excited by ultrashort pulse lasers have been studied intensively.
1,2, With regard to its mechanism, the THz radiation from semiconductor
surfaces has been explained by the dipole induced during the relaxation
process of the surface surge current or optical rectification.3 With regard to
its application, this phenomena can be a good interface between well-
developed ultrafast optics extending to the sub 10-fsec region, and ultrafast
electronics around the picosecond region. Additionally, this radiation is an
attractive light source for studying time-resolved far-infrared spectroscopy
of phonons in solids and gaps of superconductors. For this purpose, the
properties of this radiation should be known in detail. In this presentation, we
will describe spatial and spectral properties of THz radiation from bulk GaAs
excited by ultrashort-laser pulses and the diffraction effects.

The excitation sources were the mode-locked Ti:sapphire lasers with 1-
psec or 100-fsec pulse duration. The THz-radiation was collected by a
concave Al-mirror and detected by a silicon bolometer. A black-polyethylene
filter was inserted to cut excitation laser light. A non-doped, semi-insulating
bulk GaAs sample with a (100) surface was used as the emitter. The radiation
intensity depends on the 1.5-th power of the excitation. This power
dependence demonstrates that this radiation cannot be explained by a simple
optical rectification process. The spectra of the THz radiation were obtain by
the Fourier transformation of the autocorrelation of the radiation from a
Martin-Puplett interferometer. To avoid water-vapor absorption, the
interferometer was purged by dried nitrogen. Broad spectra were obtained
both for 1-psec and 100-fsec pulse excitation. The peak positions of radiation
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were 0.2 THz for both cases, and for the 100-fsec excitation frequency
component over 1-THz was observed. We found that the center frequency is
lower than the expected value assuming optical rectification. However, the
spectral information contains the information on excitation pulse duration.
Furthermore, the polarization characteristics of this radiation were found to
be independent of the polarization direction of the excitation light from the
transmission measurement of THz radiation through the wire-grid polarizer.

The radiation was completely horizontally polarized.# This result indicates
that the radiation has lost the memory of excitation polarization, unlike a
coherent process. For application as a probe light for time-resolved
spectroscopy, polarized white radiation will be more useful than unpolarized,
narrow band light.

The angular distributions of this radiation were also examined by the
rotation of the detector position. The angular distributions were recorded
for various incidence angles as shown in Fig. 1. The radiation was only
detected in the reflection and transmission direction. This suggests that the
radiation retains the memory of excitation direction like the coherent process.
The excitation spot-size dependence of the radiation beam divergence was
measured using the same configuration. The beam-divergence angle (FWHM)
depends on the inverse of the excitation-spot size. This dependence clearly
shows the diffraction effect (Fig. 2). This diffraction effect was also seen in
the spectral shape (Fig. 3). As the excitation spot size became smaller, the
longer wavelength side was more easily diffracted and the shorter wavelength
component was emphasized. From this information, the excitation spot-size in
the probe emitter should be large enough in pump and probe experiments to
avoid distortion in the white spectrum or low spatial resolution.

In conclusion, properties of THz radiation from GaAs excited by
ultrashort-laser pulses were examined, and most of these properties in our
experiments can be understood by assuming a surface surge current model
rather than the simple optical rectification process or fluorescence. We also
found that the diffraction effects in spatial and spectral properties of THz
radiation should be considered carefully for the future application of this THz
radiation as white probe light for time-resolved far infrared spectroscopy.
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Fig. 1 The angular distribution of THz
radiation excited by 100-fsec pulses for
various incidence angles. The radiation was
only detected in the reflection and
transmission direction.

Fig.2 The excitation spot-size dependence of
the radiation beam divergence. (1-psec
excitation pulse duration). The beam
divergence angle (FWHM) depends on the
inverse of the excitation-spot size. This
dependence clearly shows the diffraction

effect.

Fig. 3 The diffraction effect in the spectral
shape (100-fsec excitation pulse duration). As
the excitation-spot size became smaller, the
longer wavelength side was more easily
diffracted and the shorter wavelength
component was emphasized.
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The in-plane-gate field-effect transistor (IPGFET) with gate-channel isolation by mesa trench
exhibits very small gate-channel capa01tance due to the planar geometry. In this paper the parasitic
capacitance is measured using electro-optic sampling’ of the displacement current induced on the

drain.

Device IPGFET1 consisted of a narrow channel @ T
of 2D electron gas with width 1 pm and length
20 um connected at each end to a rectangular
contact. The channel was laterally gated by a
voltage applied to the 2DEG in the gate region
adjacent to the channel. The gate consisted of a
finger of width ~0.8 pum and length ~5 pm,
perpendicular to and separated from the channel
by a distance of ~0.5 pm.

output voltage (V)

In order to minimise the parasitic impedances
associated with electrical connection to the
device, the IPGFET was monohthlcally

integrated into a photonic sampling circuit’
consisting of low-temperature-grown GaAs b
photoconductive switches (PCS’s) and coplanar (
waveguide (CPW). Picosecond pulses on the
gate were generated by illuminating a PCS with
pulses from a Ti:sapphire laser. The voltage
transients on the gate and drain were measured
using electro-optic sampling.

N’

output voltage (V)

The drain transient at drain voltages V, between

0 V and 3 V is shown in Fig. 1(a). The signal is delay time (ps) Vp (V)

dominated by the displacement current due to

capacitive coupling between gate and drain, Fig. 1: (a) Output voltage measured at Vy, = 0, 2,
Id= CGD dVG/df, and 3 V. (b) Transient reproduced from time

where Cg, is the gate-drain capacitance. Figure derivative of input voltage on step-like

1(b) shows the measured dV /dt superimposed
on a step-like background. C, is determined by

comparing the measured values of V, and dV /dt. C,,p as function of V,,

background (at V,, = 0 V). Smooth step-like line
shape represents asymptotic background with
6.6 ps rise.time. (c) Gate-drain capacitance
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The gate-drain capacitance has been (a)
determined as 1.8 fF at V, =0 V.

The dependence of Cg, on the drain voltage
is shown in Fig. 1(c). The decrease in Cg, as
V,, increases is related to the formation of a
stationary Gunn domain in the gated region
of the channel, which cuts off the intrinsic
gate-drain capacitance.* The decrease in Cg,
(= 0.15 fF) must be nearly the intrinsic gate-
drain capacitance. The remaining gate-drain
capacitance of = 1.65 fF is extrinsic to the
channel and represents the parasitic
capacitance Cg,’ " between gate and drain
contact pads. This interpretation is confirmed

by a numerical computation of the planar (b)
capacitance. . Cap, |
LA
The physical origin of the parasitics is shown >l Rs| Cop Rp)Zo
in Fig. 2(a) and the corresponding equivalent — I ' -
circuit in Fig. 2(b). Common-source gain S, | Cas gm
of IPGFET1 is calculated and plotted as a Cgs—
function of frequency up to 1 THz in Fig.
2(c) with the parameters obtained by DC and Rs
ultrafast measurements. The curve with -
V, =0V represents the characteristics of
the displacement current. In the frequency (©

region above 1 GHz, the displacement
current overwhelms the particle current even
in the velocity saturation regime with V, as
high as 3 V. This is due to the small
transconductance g_ << ®Cgp. The result is
consistent with the characterisation of an ion-
implanted IPGFET up to 1 GHz, where the
displacement current was comparable with
the particle current.’ 106 109 1012

f (Hz)

S,; (dB)

The capacitance Cg, of this device is

dominated b extrinsic arasitics.
y p Fig. 2: (a) Physical origin of parasitics illustrated on

Furtllllernlo;e’ St;le transcoc?ducmnce tgm l;: the top view of IPGFETI. (b) the corresponding
:;?i?me d(I)y glchglrggl r:;sta;::rg? ~7% KO equivalent circuit. (c) Common-source gain (S2])

. . versus frequency up to 1 THz for the equivalent
associated with the long channel length. The circuit.

parasitics can be reduced by decreasing the

channel length (decreasing R, and Ry), and

by decreasing extrinsic gate-source and gate-drain parasitic capacitances (Cgp’, Cgg’). Two new
IPGFET structures with reduced parasitics are shown in Fig. 3. The tapered connections from the
source, drain and gates to their respective contacts represent a compromise between reducing the
parasitic series resistances and increasing the extrinsic parasitic capacitances. The transconductance
measured from DC characteristics was increased to = 40 mS/mm.

IPGFET?2 (Fig. 3(a)) has = 0.25 um channel width over a = 1.2 um channel length. The drain
transient for IPGFET2 is shown in Fig. 4, and is independent of drain voltage between O and 3 V.
Also shown is a fit to the derivative of the gate transient (solid curve). The drain transient is clearly
broadened compared to dV,/dt. This is due to the distributed nature of Cg,’ and the finite time
taken for the electrical transient to propagate from the CPW to the gate. Also shown in Fig. 4 is
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dV /dt broadened by a 3 ps square
pulse, which shows closer agreement
with the measured drain transient.
The value of Cg’ is estimated
between 1.6 and 4.8 fF depending
on the degree of pulse broadening.
Numerical  calculations  predict
Cop’ =2fF for 30 pum distance
from the channel to the CPW. The
intrinsic capacitance Cg, is estimated
< 0.1 fF.

IPGFET3 (Fig. 3(b)) has channel
width 1.5 pm over a channel length
of 2.5 um. This device has grounded

' shields between the gates and the
(@) ) source / drain to reduce extrinsic
parasitic capacitance. The ratio of the
conductor width to the separation

Fig. 3: Scanning electron micrographs of IPGFET2 (a)

and IPGFETS (b). from the ground shields is the same
as that of the CPW, in an attempt to
guide the wave as close as possible to
' ' the device. The displacement current
0.04 + —dV5/dt induced on the drain was reduced
S 003] broadened compared to IPGFET2 by a factor of
2, 003} o ~2, with similar broadening
= Of compared to dV/dt. This indicates a
& 0.02¢ = reduction in Cgp’, although detailed
= | ~ comparison is difficult due to the
& 001 < uncertainty associated with the degree
g -0.02 ?/ of pulse broadening. Numerical
5 0} T calculation of the electrostatic
1-0.04 capacitance predicts a factor of = 2
-0.01 | decrease in Cy,’ for IPGFET3 due to

- - ~ : -0.06 the grounded shields.

30 20 -10 0 10 20 30

delay time (ps) In conclusion, parasitic capacitances
have been determined in IPGFET’s
Figure 4. Drain transient of IPGFET2. Also shown is a fit to via electro-optic sampling of the
dVs/dt, and dV/dt broadened by a 3 ps square pulse. displacement current. The extrinsic

parasitics dominate Cg,, although
these may be reduced by extending
the waveguide very close to the active region of the device. The high frequency performance of

these devices is limited by the small value of (g, / Cgp).
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High-speed optical sampling of electrical signals is usually carried out by either electro-
opticl or photoconductive? sampling. These methods are capable of sub-picosecond temporal
resolution and have found widespread use in the characterization of optoelectronic devices, but
suffer certain drawbacks. To achieve responses in the one-picosecond regime3-4, photoconductive
techniques rely on short-lifetime material such as low-temperature-grown or ion-damaged GaAs.
Short-lifetime material may be well-suited for devices such as photodetectors, but more
complicated integrated circuits generally use high-quality, long-lifetime material. Photoconductive
measurements on such circuits can be accomplished by selectively ion-damaging the desired
region, but this requires additional processing steps. The method of electro-optic sampling3-0 is
capable of sub-picosecond resolution but has more complicated optical requirements and several
limitations. With substrate probing, the substrate must exhibit the Pockels effect and must be
transparent to the probe beam. With external-crystal probing, a sufficiently small electro-optic
crystal is required and must be positioned within the electric field of the signal to be sampled. This
paper describes a new high-speed method of photoconductive sampling intended to overcome these
drawbacks. The method relies on electromagnetic coupling to generate the time derivative of a
signal; a slow sampling gate fabricated on long-lifetime material then integrates the coupled signal
to produce the desired waveform.

In standard photoconductive sampling, a signal waveform with voltage vg;,(t) is sampled at
a variable time T after its generation. The result of sampling, I;4(T), appears as a ].g)C current in the

measurement and is given by7,
“+oo

Iga(®) = [Viig @ Famp(t = D)t (1)
where fg,mn(t) is the sampling result produced by a delta-function signal waveform and is thus
ideally a delta function. Its risetime is determined by the gap capacitance and the duration of the
optical pulse, and can be under 1 ps. The falltime reflects the time-dependent conductivity of the
gap and is therefore determined by the carrier lifetime, which is typically nanoseconds or longer.
This limits the temporal resolution of the measurement.

To overcome the limitations imposed by a long carrier lifetime, the approach presented here
uses a small sampling circuit placed in close proximity to a conductor of the transmission line to
produce weak electromagnetic coupling. This coupling is assumed to be proportional to the time
derivative of the signal waveform, as would result if the coupling were a mutual inductance L
producing an induced voltage L-digjo/dt = (L/Z) dvgjg/dt. A sampling device is placed in the
circuit and illuminated with delay © reglative to the signal waveform. Defining fg,mp(t) now as the
sampling result produced by a step-function signal waveform and noting that for finite lifetimes it
approaches zero at +eo, the DC signal produced by the sampling circuit, I;q,(T), will be given by
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oo

Looup(7) = j%vsig(t) [ samp(t = T)dt = — vaig(t) . %fsamp(t - T)dt (2)
Comparison with (1) shows that this electromagnetically coupled sampling is equivalent to
standard sampling with the effective sampling response -dfg,m/dt. Sampling in this manner is
closely related to the differential photoconductive sampling introduced by Paslaski and Yariv3.

The ideal form of fg,mp(t) for coupled sampling is a step function. For signal waveforms
with fall times below ~100 ps, the slow response of sampling devices fabricated on long-lifetime
(~1 ns) material will approximate a step function and thus are well suited for this application.

To demonstrate coupled sampling, circuits were fabricated on semi-insulating GaAs. An
interdigitated metal-semiconductor-metal (MSM) detector (1 um fingers, 2 um gaps, 40x40 m?2
active area) was placed at one end of a coplanar waveguide transmission line to generate a short,
~30-ps electrical pulse. An inductive sampling loop 100 um long was embedded in one of the
transmission line’s outer conductors as shown in Figure 1, and a device identical to the generating
detector was placed in the loop to gate the coupled signal. As will be seen below, this detector is
operated so as to have the desired step-function response. The detectors were illuminated with
100-fs pulses from a mode-locked Ti:sapphire laser.
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Delay (ps)
Figure 1. Sampling loop with MSM detector imbedded Figure 2. Fast and slow response of a detector
in outer conductor of CPW transmission line. measured with sampling oscilloscope.

The generating and sampling photodetectors were operated under different conditions to
generate a short electrical pulse and to produce a step-function response, respectively. The
generating device was biased at 8 V and illuminated with pulses of low energy (0.2 pJ) to produce
the short electrical pulse shown in Figure 2 as measured with 50-ohm coplanar probes. The
response is limited by the rise time of the oscilloscope, and has a full-width at half-maximum
(FWHM) of 30 ps. Atlow bias and intense (86 pJ) illumination the same device has a fall time of
1 ns. When compared with the response obtained with high bias and low pulse energy, this
approximates the step-function desired for the sampling device. This slow response is caused by
the low electric field and the high photogenerated carrier concentration. The low field results in
longer transit times and carrier screening effects diminish the field further causing the device
response to be lifetime-limited.
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Several factors improve the sensitivity of our measurement which otherwise might be
expected to suffer as a result of the weak coupling to the sampling circuit. Both the interdigitated
geometry of the sampling detector and the high photogenerated carrier density increase the
photoconductance, which, due to the weak coupling, can be made as large as desired without
loading the circuit being tested. Although the sensitivity limit has not yet been explored,
measurements thus far demonstrate adequate sensitivity for signal magnitudes of a few tens of
millivolts.

Figure 3 shows the measured current I ,,,(T). The observed risetime is 5 ps, and the
FWHM is ~20 ps. The longer falltime is caused by the carrier transit time in the generating device,
while the uneven nature of the decay is probably due to reflections in the loop circuit; better
termination of this circuit should improve this result. Circuit simulations indicate that the 5 ps
risetime reflects the measurement resolution, which is limited by the self inductance of the loop and
the sampling device capacitance. These parasitic elements may be decreased by making appropriate
modifications to circuit dimensions and geometry such that a factor of 3-4 improvement in
measurement speed should be possible.

In summary, a high-speed sampling technique has been introduced which is well-suited for
sampling on long-lifetime material . A sampling response with a FWHM of 5 ps was achieved on
semi-insulating GaAs with a lifetime of ~1 ns. By minimizing circuit parasitics the sampling
response is expected to reach the 1-2 ps range.

This work was supported by the Joint Services Electronics Program.
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An optical beam which is intensity-modulated at terahertz (THz) rate is desirable
for many applications such as wideband optical communication, heterodyne interferometry
for absolute distance measurement, four-wave mixing in the laser diode, soliton pulse
train generation, and THz radiation generation. Generation of modulated signal by
direct modulation of a high-speed laser diode or by external waveguide modulator were
limited 30 GHz [1] and 150 GHz [2], respectively. Optical generation of narrow band
millimeter wave signal up to 60 GHz was demonstrated by mixing two lasers in a HEMT
device [3]. Experimentally this requires precision alignment of two frequency-
stabilized lasers, at least one of which is tunable. By recombining a linear chirped
optical pulse through a Michelson interferometer, a tunable optical quasi-sinusoidal
intensity modulation up to 1 THz but with a duty cycle of less than 0.3% was achieved
recently [4]. In this work we report the generation and measurement of an cw intensity-
modulated optical beam at the highest modulation frequency reported to date, 7 THz.

Figure 1 shows the experimental setup. The light source which provides the
intensity-modulated output is a tunable two-color laser diode array (A = 0.81um) in an
external grating-loaded cavity with a novel V-shaped double-stripe end mirrors [5,6].
This is shown in the inset of Fig. 1. The primary output of the laser consists of two
wavelengths which are coaxial. The wavelength separation can be tuned by varying the
separation of the two stripe mirrors. The length of each stripe is 15 mm and the angle
between the two stripes is 15 degrees. The width of each stripe is 0.167 mm,
corresponding to an equivalent spectral filter with a bandwidth of 0.27 nm. This is
just smaller than the mode spacing of the diode chip, 0.32 nm. By vertically moving the
stripe mirrors out of or into the plane of the inset of Fig. 1, we can tune the spectral
separation of the two wavelengths continuously from 0.32 nm to 15 nm by multiples of
0.32 nm. This is shown in Fig. 2. The output power of each wavelength at maximum and
minimum spectral separation are respectively 10 and 1 mW. when the diode is biased at 300
+ 1 mA and 20 = 0.1 °C The threshold current of the laser is 260 mA.

The coaxial 2-color output of the laser is an intensity-modulated optical beam.
The modulation frequency is just the beat frequency of the two resonant frequencies of
the laser, which can be tuned from 0.15 to 7 THz. Since sensitive detectors with
terahertz bandwidth is not yet available, we employ instead a noncollinear
autocorrelator to characterize the multi-THz intensity-modulated signal. It can be
readily shown that the time-averaged background-free correlation function of the laser
output intensity is

GP) = @ ® + Iz(t—r))z + 21 1 cos (2nvyT) - (1)
where I1 and I2 are respectively the intensity at the two resonant frequencies, v, and
v s

2 b 1
phase-locked, the contrast ratio of G®@(r) is equal to three.

Figure 3 shows the output of the correlator as a function of the delay time. The
circles are experimental data points. The solid curve is a sinusoid at 7 THz, which
corresponds to the beat frequency for the maximum spectral separation (14.89 nm) for the
two-color laser diode array. The contrast ratio of the correlation trace in Fig. 3 is
smaller than 3. There are several possible reasons for the smaller value. First of
all, the far-field pattern of the laser output at the two wavelengths do not overlap

v, =V, -V, is the beat frequency. If I1 and 12 are equal and v, and v, are
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completely [5]. This increases the background level. Secondly, since the laser is not
frequency-stabilized, residue fluctuations in the beat frequency could also contribute
to the background. Furthermore, the output power of the laser at the maximum spectral
separation is relatively low ( ~ 1 mW). We also expect to improve the S/N ratio of the
measurement by employing a thicker nonlinear crystal (1-mm-thick LiIO3 was used).

In summary, we have demonstrated generation and detection of intensity-modulated
optical signal at multi-THz rate. The frequency of the modulation signal can be tuned
quasi-continuously from 0.15 to 7 THz by varying the spectral separation of the dual-
wavelength laser output. Still higher frequency can be realized by biasing the laser at
higher current. The multi-THz signal is measured using a non-collinear autocorrelator.
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The understanding of the limitations in the switching speed and the resulting mode behavior
of the vertical-cavity surface-emitting laser (VCSEL) is important for its use in high speed
optoelectronics. Previous studies have emphasized the speed limitations associated with the gain
region and photon lifetime as set by the cavity length and mirror reflectivities [1,2]. Here we
present data demonstrating the additionally strong interdependence of the transverse mode structure
of the cavity and the temporal response of lasing, and show that the gain-switched response of the
VCSEL can be substantially improved through the use of high contrast mirrors. The
interdependence of the transverse mode structure and laser speed is demonstrated through direct
comparisons of laser structures with differing gain regions and cavity designs.

Results from measurements of three different VCSEL structures are presented below. The
laser structures differ in both the number of quantum wells (QWs) used for the gain regions as well
as the type of mirrors used on the full-wave cavity spacer. A schematic illustration of two of the
different types of cavity structures used in the experiment are shown in Fig.1. In the experiment
three different VCSELSs are used which have the same bottom mirror consisting of 26 pairs of
AlAs/GaAs quarter-wave distributed Bragg reflector (DBR). For the upper mirrors, the first
VCSEL has 16 pairs of A1As/GaAs DBRs, while the second and third VCSELSs have a single pair
of quarter-wavelength layers of Al1As/GaAs followed by five pairs of high contrast ZnSe/CaF
DBR. The two different VCSELs which use the ZnSe/CaF DBR are contrasted by one of which
uses a three InGaAs QW active region, and a second which uses a single QW active region. The
VCSEL with the 16 pair AlAs/GaAs upper DBR contains a three QW active region.

AlAs/GaAs : ; ZnSe/CaF
X 16 : . X5
AlAs/GaAs
InGaAs X 1
QWs
AlAs/GaAs ) : AlAs/GaAs
X 26 . . X 26

Fig.1 Schematic structures of the two different cavities studied.

First the lasing threshold versus temperature is measured for each VCSEL to determine the
optimal temperature for gain tuning to the cavity mode. Subsequent measurements of each laser
are carried out at its minimum threshold temperature where the quantum well gain peak matches the
lowest order cavity resonance. The three different VCSELSs are then characterized versus pump
rate in terms of their optically gain-switched temporal response, far-field radiation pattern, and
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spectral response. The temporal responses as measured by a streak camera are shown in Figs.2
and 3, respectively, for the VCSELs with the three QW active regions and either 16 pair
AlAs/GaAs DBR or the ZnSe/CaF DBR. For the first laser with the A1As/GaAs top DBR, the
FWHM of the emitted pulses are 60ps at P=1.05Pyp,, 54ps at P=1.3Py,, and 40ps at P=4Py,, with
the corresponding delays of the pulse peaks of 90ps, 84ps and 64ps. For the shorter cavity
VCSEL with the ZnSe/CaF DBR we see a much faster response, with the FWHM of the emitted
pulses measured to be 36ps at P=1.05Pp, 20ps at P=1.3Py},, and 14ps at P=4Pyy,, and with the
corresponding delays of the pulse peaks of 70ps, 38ps and 24ps, respectively. The single QW
VCSEL which uses the ZnSe/CaF DBR has a slower response than the similar cavity three QW
VCSEL, with FWHM of the emitted pulses measured to be 66ps at P=1.05P;y, 50ps at P=1.3Py,,

and 40ps at P=4Py},, with the corresponding delays of the pulse peaks of 100ps, 68ps and 56ps.

3 QWs, 16x AlAs/GaAs Top DBR 3 QWs, 5x ZnSe/CaF Top DBR
Gain-Switched, T=250K Gain-Switched, T=200K
> | 6ops—= 1.05P, [ 5 M 1.05Py,
7] (]
| c
2 2
£ 54ps —= < 13P £ 20ps—={ \=+— 1.3P
@ T 1th o ‘ th
S 2
5 40ps—e=/ N<+— 5 14ps—>=| \<t— 4P
& P 4P & pS th
j\ Ti:Sapphire A Ti:Sapphire
I f | ! | X L | A 1 L |
-100 0 100 200 300 -100 0 100 200 300
Delay (ps) Delay (ps)
Fig.2 Temporal response of the three QW Fig.3 Temporal response of the three QW
VCSEL with AlAs/GaAs top DBR. VCSELwith ZnSe/CaF top DBR.

The transverse lasing mode behavior as measured by the far-field radiation patterns are
shown in Figs.4 and 5 for the three QW VCSELSs of Figs. 2 and 3. For reference, the radiation
patterns with a quasi-continuous wave (CW) (pulses of 100ns) pump source are also shown.
Little change is observed in the lobe widths under quasi-CW operation for pump powers up to 4
times threshold. However, for gain switched response the far-field radiation pattern broadens in
accordance with a decrease in the temporal pulse width. This can be seen by directly comparing
the radiation patterns and temporal responses of the VCSEL with the AlAs/GaAs top DBR, Figs. 2
and 4, in which both the temporal response and the broadening of the far-field radiation pattern
saturates at higher pump rates. Not only does the three QW VCSEL with the upper CaF/ZnSe
DBR show a decreased temporal response (Fig.3), but the radiation pattern continues to broaden at
higher pump powers for decreasing temporal pulse widths (Fig.5). Measurements of the single
QW VCSEL with the upper CaF/ZnSe DBR demonstrate the importance of both the optical gain
region and the cavity in setting both the temporal response and the resulting transverse mode
structure. The reduced gain of the single QW active region leads to a saturation of the broadening
of the far-field radiation pattern in accordance with its slower temporal response as compared to the
three QW VCSEL with the same cavity.
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Fig.4 Far-field radiation patterns of the Fig.5 Far-field radiation patterns of the
VCSEL with AlAs/GaAs top DBR. VCSEL with ZnSe/CaF top DBR.

In addition to the variety of data measured for the three VCSEL structures as presented
above, we will also discuss the basis for the interdependence of the transverse mode structure and
the temporal response. The interdependence arises due to the strong frequency dependence of the
transverse mode structure in the short, high reflectivity cavity [3,4]. Spectral data will also be
presented, as well as additional measurements underway for VCSELs fabricated with even higher

contrast mirrors than presented above.
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Applications of Scanning Force Microscopy for Voltage
Measurements with High Spatial and Temporal Resolutions

Francis Ho, A. Samson Hou, Bettina A. Nechay, and David M. Bloom
Edward L. Ginzton Laboratory, Stanford University, Stanford, CA 94305

Introduction

To keep pace with device technology as it pushes towards 100-nm line widths and
gigahertz operating speeds, new measurement tools are needed for studying mesoscopic device
physics and for testing and designing the next generation of ultra-dense integrated circuits. A
promising new direction is the use of scanning probe microscopes for such measurements, by
utilizing probe tip nonlinearities for heterodyning very high-speed signals.[1-6] We have
developed such an ultrafast system, based on the scanning force microscope (SFM), that should
theoretically be able to map a voltage profile with subpicosecond temporal resolution and sub-
micron spatial resolution. Furthermore, it is non-invasive, rugged, and does not require vacuum.
By using the square-law force interaction between the SFM and sample for mixing and sampling,
we have measured voltage transients as fast as 5 picoseconds. We have also used this system to
probe VLSI integrated circuits.

Theory of Operation Laser Position
Figure 1 shows the concept of an SFM probe Pulse Generator Detector

system.[1] A scanning force microscope @__'
operates by using a CW laser and a position- ;o

sensitive detector to sense the deflection of a )~ To Pre-amplifier
cantilever to which is attached a sharp tip. and Oscilloscope
We operate an SFM in non-contact mode, in
which a gap of approximately 10-100 nm is
maintained between the tip and the circuit
sample. There is a periodic high-speed | = ormmrrrrrbees

High-Speed

voltage Vg on the sample that we wish to vs(xly,0) Crcuit
measure. We apply a pulse-train sampling

voltage Vp to the tip. The voltage across the ;

gap between the tip and the sample is Vp - -

Vs. The measured force is proportional to =

the square of this voltage and therefore Figure 1. High-speed SFM probe system.

contains a mixing term at an intermediate
frequency (IF) corresponding to the offset frequency between Vp and Vs, This IF is chosen low

enough so that the cantilever deflection can follow an equivalent-time representation of V.

Experiments

To illustrate the operation of the probe, we describe here the results from three
experiments. In the first experiment, we probed various signals on an Intel 80486
microprocessor that had been depassivated. (We have also demonstrated non-invasive probing of
circuits through passivating layers;[2] removal of passivation for devices that can tolerate it,
however, yields improvements in voltage sensitivity and spatial resolution.) The experiment
consisted of two parts. In the first part, we operated the microprocessor with a 20 MHz clock
and probed the voltages on two metal lines on the microprocessor that carried opposite phases of
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the clock; this is shown in Figure 2. The strobe pulses supplied to the tip were 2 ns in duration,
which meant that the time resolution was 2 ns. Next, we operated the ‘486 in its self-test mode
with a 10 MHz clock. In that mode, the microprocessor goes through a pre-defined series of
logic states every time it receives a reset signal. By applying a reset every 20 clocks, we were
able to measure a repeating self-test sequence, shown in Figure 3, using our probing system. The
digital sequence can be easily discerned.

Plhase 1 l

g w £ 11111010141110101010
E‘ g r«-ﬂf"ﬁn! 8 ﬂ N P
$  Phase2 _ = U J
[} 20 40 60 80 100 (1] 500 000 1500 2000
Time (ns) Time (ns)
Figure 2. Two clock phases on the 80486 Figure 3. Self-test sequence of the 80486
MiCroprocessor. microprocessor.

A second experiment, in which we probed National Semiconductor’s AT/LANTIC (AT local
area network twisted-pair interface controller) chip, further demonstrates the usefulness of this
probe system for making precise timing and delay measurements. The AT/LANTIC incorporates
a clock-recovery phase-lock loop to synchronize incoming ethernet data. A challenge in testing
the AT/LANTIC was building the timebase electronics, shown in Figure 4, required for
generating sampling pulses with proper timing with respect to the chip. Measured data from the
chip are shown in Figure 5. PHCOMP is an asynchronous digital signal that requires about 250
ns to settle to a valid state. The first complete rising edge of PHCOMP (occurring at t=330 ns) is
found to be significantly longer (15 ns) than subsequent edges (about 6 ns). The amount of edge
broadening is a measure of the jitter in

AT/LANTIC’s phase-lock loop and also a

function of the averaging time for the !
measurement. In comparison, a second, ?pﬁ\ A ‘W\ H
synchronous signal from the chip (DMUX) prcour Lahg | AN L
showed no significant difference in edge W[ ...... \N,J ............ ___%
speeds from edge to edge. These results ]
demonstrate the usefulness of the probe A i
system for making precise timing and delay o [l [ :
measurements. al \ \A, b
Trigger 200 250 300 350 400 450 500 550 600
9 Programmable Time (ns)
| Digital Delay
. »
Test Circuitry l W 4 ?
/15 ns rise 8
Stimulus Pulse Generator _3
Y 330 ns d‘:l:y,,r ,/\ y é
@ ‘EM 6 ns rise @
I X ns delay 2
Trigger 5
ATLANTIC \J “{ﬂw/ g
Chip V Probe IrI ﬁ ‘I~|"
Del, i
i Time (10 ns/div)
Figure 4. Timebase circuit for testing the Figure 5. AT/LANTIC measurements.

AT/LANTIC.
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The preceding experiments were all
performed using gold-coated commercially
, available cantilevers, a scheme which does
0.4 not work at frequencies greater than a few
i - «—5 ps gigahertz. In order to obtain better temporal
- resolution, we microfabricated cantilevers
with integrated transmission lines. Using
these high-speed cantilevers, we were able
to observe voltage steps as short as 5
picoseconds on circuits. This is shown in
Figure 6. We used nonlinear transmission
line (NLTL) circuits, which can generate
-1.2 NN SRS WSS W S S subpicosecond voltage steps [7], to serve
70 80 90 100 110 both as the source of the strobe pulses and as
the circuit under test. In this experiment, the
NLTL circuit and the cantilever chip were
wire-bonded together. We anticipate that by
integrating the NLTL circuit and the
cantilever on the same substrate, we shall
obtain sub-picosecond time resolution.

[Arb]

Voltage

Time [ps]

Figure 6. Probing of nonlinear transmission
line.

Conclusion

We have measured 5 ps voltage steps using equivalent time sampling, and probed various
ICs, including an 80486 microprocessor and a National Semiconductor AT/LANTIC chip. In the
future, we anticipate being able to probe with sub-picosecond and nanometer resolution by
integrating pulse-generators with microfabricated cantilevers and tips.

This work is supported by ONR/ARPA under the Ultra program. We are grateful for the
assistance of Bob Rao and Debbie Cook (both at Intel), Joe Byrne and William Ng (both at
National Semiconductor), Pauline Prather, and David Su.
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Direct measurement of carrier dynamics, using femtosecond light sources, has yielded a
wealth of understanding within the field of condensed matter physicslll. Also, recently, near-field
optical probe techniques have enabled optical measurements with spatial resolution below the
diffraction limit!2. An understanding of many scientifically and technologically important issues
require a knowledge of the local behavior of carriers within materials and microstructures. We
report the development of the required instrumentation, and the first measurement of carrier
dynamics with spatial resolution below the diffraction limit and temporal resolution below 60 fs.

The experimental instrumentation consists of a broadband modelocked light source, a pair of
acousto-optic modulators (AOMs), and a near-field optical microscope (Fig. 1). Modelocked pulses
are separated into pump and probe, and chopped independently by the AOMs. Probe pulses are
delivered to the optical fiber probe tip of the near-field microscope, and illuminate the sample. The
transmitted light is collected by the objective of a far-field microscope, and delivered, through a
multimode optical fiber, to a spectrometer where a photomultiplier tube registers the signal. The
pump pulses are delivered through a beam-splitter to the same objective and focused to a far-field
spot on the sample. The nonlinear optical response of the sample is recorded as the sample is
scanned within the near-field of the fiber probe tip, taking one image for each setting of the time
delay between pump and probe pulses. In this way, carrier dynamics within the sample can be
imaged as a function of time after excitation, with a time resolution as low as 40 fs, and spatial
resolution as small as 50 nm. The results can be displayed as a sequence of animated movie frames.

Infrared optical pulses are generated in a modelocked Ti:Sapphire laser, with a repetition rate
of 82 MHz and average power of 400 mW. The spectral bandwidth is adjustable up to a maximum
of 100 nm about the 800 nm center. The pulsewidth, from the 3 mm crystal, is below 15 fs. The
output enters a two-pass prism-pair dispersive delay line, for compensation of the positive
dispersion of the output coupler and subsequent optics. Within this delay line, the beam is
spectrally separated into pump and probe. A pair of pick-off mirrors then direct the long-
wavelength probe, and short-wavelength pump to the experiment. The pump beam passes through
a variable delay line, followed by an AOM, operating at 3.1 MHz. It then enters the far-field
microscope, and is reflected downwards from a beam-splitter, through the objective, onto the
sample. This far-field pump is focused on the sample to a spot on the order of 5 um, to uniformly
excite the region probed by the fiber tip.

The probe beam enters a second dispersive delay line, using a two-pass grating-pair geometry,
to pre-compensate the dispersion introduced during passage through the 1-meter fiber probe tip.
The probe beam is modulated at 3.0 MHz. Pulses enter the probe tip and emerge with a pulsewidth
of 50 fs. The fiber probe tip is a single-mode optical fiber whose end has been tapered and coated
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with aluminum to leave a small aperture, typically 50-100 nm[3l. Light propagating through this
aperture is coupled into the far-field and subsequently detected. The coupling efficiency of such
tips is typically -50 to -60 dB; the remaining light is absorbed in the aluminum, causing heating, and
imposing an upper limit on average power of the order of 1 mW. Light levels in the far-field of the
tip are then in the nW regime. The sample is held in the near-field of the fiber tip using a shear-
force feedback techniquel?], stabilizing the tip-sample separation at around 50 nm. The fiber tip is
imaged into a multimode optical fiber, and delivered to a spectrometer to control the probe
bandwidth reaching the detector. In a transmission experiment, the absorption of the sample is
measured locally by the fiber probe tip, and the sample scanned to form an image. In a nonlinear
transmission measurement, the nonlinear response, at the 100 kHz modulation sideband, is
recorded simultaneously.

Samples of GaAs quantum wells were etched to produce 150 nm thick disks, of varying
diameters from 3 to 10 um, with eight periods of 10 nm wells separated by 5 nm barriers. The
room-temperature excitonic absorption edge is at 850 nm. Measurements made using the full laser
spectrum indicate that the carrier recombination in the center of the microdisks is exponential, with
a time constant of 500 ps. In the first set of measurements, the pump beam was filtered before the
sample, to a 10 nm bandwidth about 800 nm, while the probe was filtered after the sample to 10 nm
about 820 nm. In this case the probe measures carriers well above the bandegde, as they relax from
their initial distribution, as injected by the pump. Figure 2 shows the nonlinear signal, measured by
the probe, in two microdisks (upper right and lower left) of diameters 5 and 10 pm. The image is
produced by linearly scanning the X- and Y-voltages on the sample piezoelectric tube (distortions of
the circular shape are caused by a nonlinear relationship between the displacement and applied
voltage). The nonlinear optical response at 67 fs delay (a) shows the carriers relaxing after
excitation by the leading edge of the pump pulse. After 133 fs (b) the nonlinear response is near its
peak, indicating a time resolution on the order of 60 fs. After the initial excitation, measurements
(c,de) at 2, 20 and 67 ps, respectively, show that carriers relax in the microdisks with a time
constant on the order of 80 ps. The measured recombination time was 500 ps, with the 80 ps
relaxation rate indicating the rate of carrier cooling. Furthermore, carriers near the edges of the
microdisks relax most quickly, leaving the nonlinear response peaked strongly toward the center
for time delays beyond 1 ps. The spatial resolution in these images, though not rigorously
characterized, is on the order of 400 nm. Ultimate resolutions are expected to be under 100 nm.

We demonstrate, for the first time, submicron spatially resolved images of carrier dynamics,
with time resolution better than 60 fs. Carriers injected uniformly into the microdisks cool in a time
of 80 ps, most quickly near the edges, where they may relax into surface trap states. Studies
continue to measure the details of this relaxation, as a function of probe wavelength and with better
spatial resolution. Similar studies are under way to study nonequilibrium transport in narrow
channel electronic devices, as well as local carrier dynamics in operating semiconductor lasers.
Measurements with high spatial and temporal resolution have now evolved from the stage of
instrumentation development, to begin producing results having important scientific and
technological implications. The rapid development of this field presents many exciting prospects,
in the very immediate future, for the study of carrier dynamics in materials and microstructures.

[1] Hot Carriers in Semiconductor Nanostructures, ed. Jagdeep Shah, Academic Press, San Diego,
California, 1992
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[4] E. Betzig, P. L. Finn, . S. Wiener, Appl. Phys. Lett. 60, 2484 (1992)
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Introduction
New discoveries in fabrication technology and in device physics have open the way for a class of electronic and

optoelectronic devices with nanometer-scale dimensions. These devices offer the opportunity to work with electrons
confined to 2-D, 1-D and 0-D in space. In an effort to understand how individual devices work it will be necessary
to interrogate individual submicron structures . Aside from the fine dimensions of the contacts used for such
measurements it will be necessary to make measurement with very low invasiveness and increasingly, with higher
speed. To meet the challenges of new nano-technologies we have developed a probe which demonstrates high
impedance voltage measurement using a 0.1-micron contacting tip. The voltage of the tip is photoconductively
sampled allowing waveforms to be measured with picosecond resolution [1]. In this paper we describe the operation
of the probe using a gain switched laser diode to make measurements which extract only a few fC from the device
under test. We also show the probes value as a high-speed, high sensitivity probe for millimeter-wave circuits.

Probe fabrication
The probe is fabricated using Low Temperature grown GaAs (LT GaAs). That is, GaAs grown at 210°C rather than
the conventional temperature of 600°C. A micron-thick layer of LT GaAs is grown on a half-micron-thick layer of
AlGaAs on a semi-insulating GaAs wafer. Metal, defining the electrodes of a photoconductive switch, is patterned
on the LT GaAs layer. The probe's perimeter is patterned by photolithography and defined by front-side etch
penetrating through both epi-layers. A self-terminating lift off is used to define a fine probe tip having a tip radius
below 0.1 um([2, 3] The GaAs substrate is chemically removed, freeing the 1.5 wm thick film of LT GaAs and
AlGaAs as shown in figure 1. Following this UV curing cement is used to attach the probe to a glass support. and
the finished probe is placed on a translation stage for use

X758

of the scanning force microscope probe and ultrafine tip.

Figure 1 shows SEM pictures
Probe use

The probe is used in a Scanning Force Microscope (SFM) in the place of a conventional cantilever probe. It is
mounted and aligned on the SFM stage and an image of the device-under-test is scanned. The probe tip is then
positioned at the desired location and pressed into low-force contact with the signal-line to be interrogated.
Picosecond resolution is obtained by photoconductively switching charge from the device under test during the
picosecond on-time of the probes gate. This samples the electronic waveform on the device-under-test by allowing
an amount of current proportional to the waveform voltage to pass on to the detection electronics. The delay of the
switching beam is swept to perform equivalent time sampling of the repetitive waveform.

The experiment

A photoconductive SFM probe was made as described above. The gate was illuminated through a fiber-optic
connection supported by the substrate used to support the probe on the SFM scanning arm. In the is configuration
the probe was scanned over the sample, rather than vice versa. In order to measure the effects of parasitic
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capacitance on the circuit under test and amplifier was attached to the output of the probe. The ac transients
measured without illumination of the gate switch agreed with the calculated capacitance of 10 fF. With illumination
turned on and a dc voltage applied to the circuit under study a mapping of the tip contact was made over the active
area of a test structure. The conductivity mapping was indicative of the uniformity of contact over the surface of the
conductor. As may be seen in figure 2(a,b, ¢, and d) contact with the surface was not continuous during the scan,
nor was it repeated from the forward scan (1b) to the reverse scan (14d).

Figure 2 (row 1-a and b, row 2-c and d) shows topographic scans (a and c) of and electrode test pattern and scanned
conductivity mapping (b and d) of the circuit. Note that only one loop is connected and that the contact for forward
scan and reverse scan are neither identical, nor continuous.

585 nm
292 nm

Orm
43431 nm

43431 v
2171.5nm

2171.5nm

Orm Onm

Figure 3 shows the topographic image of a 1.5 micron-wide metal finger on which transients are measured.

In low-force contact, our probe has a dark conductance of 0.05 nS as measured using a Fluke 27 multimeter. The
test signal is generated by an electronic pulser and launched onto the device under test by an SMA connector. The
measured signal is gated by a 30 x 30-pm photoconductive switch integrated on the LT GaAs probe cantilever and
carried on a coplanar stripline to a pre-amplifier and 20 MHz A/D converter. 810-nm, 100-ps optical pulses
generated by a Hamamatsu gain switched laser diode are coupled to the probe by the optical fiber mounted with the
probe. These pulses are estimated to have fJ of absorbed energy allowing only 5 fC of charge to be removed from
the device under test.. Delay between the optical sampling pulse train and the test signal is controlled by a computer
controlled electronic delay circuit.

The results

Images scanned by the probe show 10 to 100-nm features. Signal-to-noise equal to unity is seen at 2V with a single
shot measurement. With the same degree of invasiveness in the high speed signal single mV sensitivity is achieved
at a sampling rate of 3 MHz.
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Conclusions and References

Using a probe with demonstrated 2.5 ps temporal resolution and 100-nm spatial resolution we have been

demonstrated laser diode-based sampling of integrated circuits. A single shot measurement of 2V sensitivity is

possible with the removal of only 5 fC. This probe not only provides a critical solution to the problem of internal

circuit testing on VLSI, but it also opens the door to investigation individual mesoscopic devices with unprecedented
" sensitivity.

The investigation of repeatability and continuity in these measurements is on-going.
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STOEM: Scanning Tunneling Optoelectronic Microscope

Koichiro Takeuchi, Akira Mizuhara

Teratec Corporation, 2-9-32 Naka-cho, Musashino-shi
Tokyo 180, Japan
FAX:81-422-52-2125, Phone:81-422-52-2102

Introduction

We applied a scanning tunneling microscope (STM) to optoelectronic sampling
measurement of high-speed electrical waveforml1]. An optical pulse train was used to turn on
and off a photoconductive semiconductor switch (PCSS) made of low temperature GaAs on
the STM probe. This special STM can be called scanning tunneling optoelectronic microscope
(STOEM).

Because of Great advances in increasing the speed and in decreasing the size of electronic
circuits and devices, a new measuring method with high temporal resolution in the order of
pico seconds and spatial resolution in the order of sub-micro meters is required. In such high-
speed, microscopic measurement, the high frequency signél must be converted to a signal with
low frequency in a sufficiently small region at the point to be measured. Furthermore, the
measurement must be carried out without mechanical contact or with so soft contact that the
probe could not break the surface of devices under test (DUT).

Although an STM has been developed as a microscope with ultra-high spatial resolution
since its invention in 1982[2] its property of non-contact and high impedance is also useful for
measuring high-speed electrical waveforms. Therefore an STM would be a powerful new
instrument offering ultra-high temporal and spatial resolution.

Very recently, some groups have reported novel applications based on such Concept[la 3-51]
Weiss et al.[3] and Nunes et al.[4] measured short electrical pulses using non-linearity of the
tunneling current. By using an atomic force microscope (AFM) instead of an STM, Hou et al.
[5] measured a high-speed electrical waveform via the mechanical response of the AFM

cantilever,

Experiments

Figure 1 shows a schematic view of the probe and the DUT. ‘Our STOEM probe has a
photo-conductive semiconductors switch (PCSS) on it. An optical pulse train with 100fs
duration from a Ti-sapphire laser is used to turn on and off the PCSS. The periodic frequency
of the optical pulse train is 80 MHz + 1kHz, which is synchronized to an external master
oscillator, while the fundamental frequency of the DUT signal is 80MHz. The 1kHz frequency
difference is the fundamental frequency of the sampled signal to be measured from the current.
Therefore the electrical signal is extended 80,000 times along the time axis. This technique is
similar to that used for a high-speed oscilloscope and E-O sampling.
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Since the band width of the feedback circuit
is set to be lower than 1kHz, control of the
probe position is not disturbed by the
waveform measurement.

The PCSS was

evaporating Au/Ti

fabricated by sputter-

films in interdigitated
feature on a semi-insulating GaAs crystal. The
line width and the gap distance of the switching

The GaAs photo-

conductive layer was grown by MBE at low

region are 5 4« m each.

temperature (<300deg.) to introduce carrier
recombination centersl®]. As the result, the
PCSS response time was shortened better than
1.8ps. After fabricating the PCSS, the GaAs
wafer was cleaved and the metal tip on the
cleaved corner was used as the STOEM probe
tip. The tip part of the GaAs wafer was
removed by wet etching to make the metal tip
protruding.

The schematic view of the experimental
arrangement for testing the PCSS response is
illustrated in figure 2. There are 5mm long
coplanar strips (CPS) on a low temperature
grown GaAs layer, and an additional electrode
connected to the CPS via an interdigitated
PCSS. The CPS has design impedance of 50 2
and consists of two parallel 60 1« m wide strips
separated from each other by 5 ©# m. The
design of the PCSS is the same as that
mentioned above.

When a charged strip line is shorted via the
photocarriers generated by an laser pulse, an
electrical pulse is generated and propagates
toward the PCSS. Under this condition we

focused sampling pulse beam on the PCSS.

Both the 10 mW exiting and 10mW sampling
beams were from one Ti-sapphire laser which
is the same as that used for the STOEM

PCSS
110um x 110um
line & gap = 5im

optical pulse train

500 MSL
| ] 500

Fig. 1 Schematic view of the probe and DUT

Source

line=60um
\\gap=5um

3

—i Vbias

Vgate

Gate
line=5um
gap=5um

10MQ

Fig. 2 Schematic view of the sample for testing
the PCSS response
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Fig. 3 Pulse shape of photogenerated pulse.
Actual pulse width and PCSS response should
be shorter than 1.8ps.
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measurement. The focused beam size was
approximately 50 4 m in diameter.  The

sampling beam propagates through a delay line,

and we measured the pulse shape of the

photogenerated electrical pulse by scanning the

delay.

Figure 3 shows a result when the distance

Output Voltage (V)

between the exciting and sampling beam spots

is 300 « m. Since measured pulse width is

0.1 F PR NP SPI EN
400 600 800 1000

2.75ps, the deconvoluted value is about 1.8ps. 0 200
Time (ps)

Therefore the response time of the PCSS is at

least 1.8ps. When the PCSS is used for the .

measurement using the STOEM, the time Eegésutef gi,ngggZ of the comb. generaior
resolution is expected to be close to this value.

The DC component in figure 3 may be due to

unexpected  photocarriers  generated by

sampling beam itself at the gap near the PCSS.

Using the probe with the PCSS, we measured the pulse shape from a comb generator on a
50 © micro strip line made of an Au film. Details of the electronic system setup were
described in the previous work [1]. Figure 4 shows the resulted pulse shape with 117ps
FWHM. The following oscillation may be due to reflections of the electric pulse. The pulse

width is almost the same as the actual value of 113ps.

Conclusion
We fabricated a probe which has a low temperature grown GaAs PCSS. The PCSS
response time was 1.8ps. Using this new probe for the STOEM, we measured the pulse
shape with 117ps FWHM that is almost the same as the actual value.
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Electronic and optoelectronic devices
have become available with cut-off frequen-
cies up to several hundreds of GHz. This
technological push necessitates the develop-
ment of new measurement techniques, be-
cause conventional electronic measurement
equipment such as network analyzers or
sampling oscilloscopes are limited in band-
width to 40 - 100 GHz.

Considering optically-assisted high-fre-
quency measurement techniques, the recent
advance in photoconductive (PC) sampling
with freely positionable probes significantly
extends the potential of on-chip characteri-
zation of high-speed devices and circuits
[1,2]. The probes are utilized to measure
electric voltage transients in direct or tunne-
ling contact with a conductor. The spatial
resolution can be pushed far below the mi-
cron scale. A sensitivity of 1 uV has been
reported for freely positionable PC probes
made from LT-GaAs [1]. PC probes based
on silicon-on-sapphire (SOS) technology,
though inferior in sensitivity to LT-GaAs-
based probes, are cheaper and easier to
manufacture, and they are optically transpa-
rent per se facilitating alignment. In this
contribution, we present a detailed charac-
terization of freely positionable SOS PC
probes both as detectors and generators for
ultrafast electric signals. The linearity, sensi-
tivity, time resolution and invasiveness are
discussed.

Our PC probes utilize a metal-semicon-
ductor-metal interdigitated electrode struc-
ture as photoconductive switch (see Fig. 1).
To facilitate contacting to a device-under-
test (DUT), a 5-um-high Au-coated Ti tip is

located at the end of the short electrode. Fa-
brication of the finger structure is based on
a standard lift-off process for patterning of
the Cr/Au metallization on the SOS substra-
te. The Si layer is implanted with Si* and
Ne* ions to reduce the carrier lifetime. For
fabrication of the Ti tip, a special lift-off
process with a several-micron-thick photore-
sist layer was developed [2].

Fig. 1. SEM micrograph of a photoconductive samp-
ling probe with an interdigitated switch. A 5-pm-high
Au-coated Ti tip facilitates contacting to a DUT.

The time-resolved characterization is
performed with a 100-fs ring dye laser in a
pump-probe setup. We utilize a THz dipole
antenna [3] and coplanar waveguides
(CPWs) with integrated photoconductive
switches as DUTs.

In a first series of experiments, electric
pulses on an antenna are sampled. The pul-
ses are generated by the switch integrated




into the antenna. The transients are detected
close to the generation point with the Ti tip
of the PC probe positioned onto one of the
arms of the Hertzian dipole of the anntenna
[2]. We investigate the response of the PC
probe to electric pulses of 40 mV peak amp-
litude and 1.3 ps duration (FWHM). In these
measurements, the intensity of the optical
probe beam (beam impinging onto the PC
probe) is varied, while the intensity of the
pump beam (illuminating the antenna) is
kept constant. As a measure for the photo-
excitation of the PC probe, we determine
the dc photocurrent I, through the PC switch
for a fixed bias of 1.5 V. Figure 2 shows
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Fig. 2. Time-resolved PC probe signals of 40-mV
electric pulses on an antenna. The probe-beam intensity
is varied. Inset: dependence of the amplitude of the PC

probe signal on the probe photocurrent I,

transients of the time-resolved experiment
for various probe-beam intensities. The data
are recorded in single scans (1-s lock-in
time constant). The inset displays the peak
amplitude of the transients as a function of
I-1,, with I, being the dark current in the
probe. We make the following observations:
(1) No distortion in the shape of the electric
pulses is found when the probe-beam inten-
sity is raised. The transients have a duration
of 2.7 ps (FWHM). This is longer than the
electric-pulse width measured via electro-op-
tic sampling technique (1.3 ps) [2]. A care-
ful analysis of the measured data [2,4]
shows that the time resolution of the PC
probe is limited by the the lifetime of the
carriers in the Si layer of the probe. The
lifetime is found to exhibit a bi-exponential
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behavior with time constants of 0.6 ps and
2.2 ps. Model calculations [2] predict that a
complete suppression of the slow component
by optimized ion implantation will result in
a time resolution of the probe of approx.
1.5 ps. (ii) The peak amplitude of the tran-
sients rises linearly with the illumination in-
tensity of the probe. (iii) The sensitivity of
the PC probe can be evaluated from the
noise characteristics of the data in Fig. 2.
The noise floor is estimated to be approx.
400 pV for a single scan with 1-s lock-in
time constant for all values of L. The sensi-
tivity can be increased with the photocon-
ductance of the PC switch [4]. The photo-
conductance is determined by the product of
the mobility and the density of photoexcited
carriers. To increase the sensitivity of SOS
PC probes, higher excitation intensities and
laser sources with better noise characteristics
than that of dye lasers are necessary.

Additionally, we measure the response
of the PC probe as a function of the ampli-
tude of the electric transients on the DUT
by varying the pump-beam intensity over
two orders of magnitude (data not shown
here, see [2]). The response of the PC probe
reveals a linear dependence on the ampli-
tude of the electric transients.
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60+ PC-probe

£0-Signal (mV)
w
8

v
-10 v/

-8-6-4-20 2 4 6 8 10 1214
Time Delay (ps}

EO-Signal (mV)

0 A \/
W
15

B 10 20 25 30 35 40 45
Time-Delay (ps)

Fig. 3. Electro-optically detected electric pulses on a
CPW with and without a PC probe in contact with the
CPW. In the inset, the initial parts of the pulses are
overlayed.

The invasiveness of our PC probes is in-
vestigated by measurements on a SOS CPW
(one signal conductor surrounded by two
ground conductors, conductor width: 60 um,
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spacing: 30 pum) with integrated PC switch.
We detect the electric pulses generated on
the CPW behind a point where the tip of a
freely positionable probe is in full contact
with the signal conductor of the CPW. The
transients are traced electro-optically at a
point 1.92 mm away from the excitation
spot. Fig. 3 shows waveforms detected with
and without the PC probe in contact with
the CPW 0.73 mm away from the excitation
spot. The amplitude of the electric pulse is
not measurably affected when the PC probe
is brought into contact with the signal con-
ductor. Hence, reflection losses by the PC
probe must be small (below the detection
limit, i.e. <5-10 %). Although the probe ap-
parently does not represent a significant in-
ductive load of the CPW, a weak dielectric
invasiveness modifying the effective refrac-
tive index of the CPW is found. This is evi-
dent in Fig. 3 from the shift of the peak by
1.6 ps towards longer delay times. The shift
is explained with a 15-% increase of the re-
fractive index of the CPW by the sapphire
substate of the PC probe (substrate width:
1.33 mm). The dielectric invasiveness can
be reduced strongly by a larger Ti tip height
or by a smaller substrate width.
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Fig. 4. Electro-optically detected electric transients
generated by a PC probe positioned onto a CPW. The
power of the optical pump beam and the bias voltage
applied to the PC probe are varied. Inset: Peak ampli-
tude of the electric signals for various bias voltages and
a constant pump power of 4 mW.

In a last experiment, we demonstrate
that freely positionable PC probes are not
only capable to detect but also to generate
ps electric transients. For this purpose, we

bring the PC probe into contact with the sig-
nal conductor of a 10-mm-long CPW fabri-
cated on GaAs substrate. In contrast to the
experiments presented above, the gap of the
PC switch is biased and illuminated by the
optical pump beam instead of the probe
beam. The electric transients launched from
the PC probe onto the CPW are detected via
electro-optic sampling employing a LiTaO,
crystal positioned onto the CPW approx.
300 pm away from the PC switch. Figure 4
depicts measured electric transients for vari-
ous bias voltages (U) and average optical
pump powers (P) on the PC probe. The
amplitude of the generated electric pulses
rises linearly with the bias voltage. A du-
ration of the electric pulses of 3.3 ps
(FWHM) is obtained. The amplitude of the
transients is comparable to that of pulses
launched directly from PC switches integra-
ted into CPWs. These results illustrate that
freely positionable PC switches can be used
as efficient signal generators opening the
way for all-photoconductive on-chip testing
at any two electrically accessible points on
a circuit without the need to integrate PC
switches into the circuit.
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Ultrafast All-Optical Switch with Switch-Off Time
Unlimited by Carrier Lifetime

K. Tajima and S. Nakamura
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All-optical switches are expected to become one of key elements in future ultrafast
and flexible all-optical communication networks. And it has been generally believed that
such all-optical devices would require very fast, as well as very efficient, nonlinear optical
material (or phenomena). In fact, the well-known and often discussed figure of merit for
nonlinear materials [n,/(0T), where n, is the nonlinear refractive index change coefficient,

o is the linear absorbance, and T is the relaxation time] implies that it is the chosen non-
linear material that determines the basic device performance such as the switching speed
and energy. In this paper, we show that this is not necessarily the case; the speed of a non-
linear optical switch proposed by the authors1-2 is not restricted by the slow relaxation time
of high efficiency incoherent nonlinearities.

The proposed all-optical device is schematically illustrated in Fig. 1. This is similar
to the well-known Mach-Zehnder (MZ) type device, but it differs in that it has nonlinear
materials (waveguides) and control light injection ports in both arms. The nonlinear
waveguides in both arms are identical. Thus, we call it symmetric Mach-Zehnder (SMZ) all-
optical switch. Here we consider the usual case in which the control light photon energy is
equal to or slightly lower than the band-gap energy of the nonlinear waveguides in order to
efficiently generate photocarriers throughout the waveguides, while the signal light wave-
length is much longer than the band-gap wavelength to achieve high transmission. The
principle of operation of SMZ is as follows. The optical length of one arm of SMZ is modi-
fied by the induced nonlinear refractive index change caused by the first control pulse
(leading control pulse) so that the signal output is switched to the other output port (switch-
on). If we allow the nonlinear waveguide to relax back to its initial state, then the signal is
gradually switched back to the initial port, following carrier recombination, as in the usual
MZ all-optical switches3. However if the other arm is excited by the second control pulse
(trailing pulse) shortly after the first pulse, we expect that the effect of residual nonlinear
refractive index change in the first arm to be canceled by that in the second arm. Thus ultra-
fast switch-off can be achieved that is not restricted by the slow relaxation time of band-
filling nonlinearity.

Experimental results are shown in Fig. 2. In this experiment, a pair of
GaAs/AlGaAs waveguides with a core size of 0.5x 4 X 500um are used. The signal and
control pulse wavelengths are 900 and 875 nm, respectively. The control light pulse width is
~1.3 ps and the signal light is unmodulated CW light so that bare modulation characteristics

of SMZ can be investigated. Fig.

2(a) shows an experimental Leading .
. . . control . Nonlinear
result in which the time lag pulse waveguide Signal out

between the leading and trailing Sig?al - -

. . lig
control pulses (or switching "

. . Trailing
speed) is 56 ps. The square like  control —m A-Selective
modulation characteristic is pulse coupler
evident. Here a nonlinear phase Fig. 1. The symmetric Mach-Zehnder all-optical switch.

Nonlinear
waveguide
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shift of 7 (full switching) was achieved, which ~ 10,000

was verified by observing the characteristic 3 i
. . . 8,

periodic behavior of all-optical devices3. The ‘“: 000 (A)
control pulse energies required for full switching § 6.000(
were 4 pJ for one waveguide and 7 pJ for the other, £ 4 goor

assuming a coupling efficiency of 10 %, estimated =

f . . . = 20001

Tom a separate experiment. As the time lag is 2

reduced to 6 ps, a faster switching speed of 8 ps 0 ' , ‘ ;

’ . 0 100 200 300 400 500
was recorded, as shown in Fig. 2(b). Here the
apparent modulation depth is less than 100 % and
the square like modulation is no longer observed,

Time (ps)

because of the insufficient time resolution of the = 8.000
streak camera (~8 ps). Further increase in . S 6.000f (B)
switching speed was only hindered by the time 2
resolution, but clean square like modulation g 4,000(
approaching 1 ps is expected to be possible. =

In the above experiment, the control = 2.000
pulse repetition rate was only 82 MHz, allowing 3 0 . : PG
the nonlinear waveguides to relax back to the 0 100 200 300 400 500
initial state before the next control pulse arrives. Time (ps)
If , however, a series of high repetition control Fig.2. Switching Waveforms

pulses are used, then the photocarriers become

accumulated in the waveguides to a degree determined by the competition between the
carrier generation rate and the carrier lifetime. The average carrier density would exceed
1018 /cm3 for repetition rates greater than 40 GHz, assuming a carrier lifetime of 1 ns and
device parameters already cited. Even with this high background carrier density, the
switching energy is expected to stay in the same range, because the change in nonlinear
refractive index per photogenerated carrier is known? to remain in the same range as in the
case of low repetition operation (= 3 X 10" / cm®). Here we assumed the carrier lifetime to
be 1 ns, but it is actually a function of carrier density; as the carrier density becomes higher,
the recombination process becomes faster. Further, various techniques have been developed
to effectively reduce the carrier lifetime. Thus the background density mentioned earlier is
probably an overestimation and faster repetition rates should be achievable; that is, if we
ignore thermal effects, better than a few hundred GHz is expected for a carrier lifetime of
100 ps, following the earlier discussion. We are now obtaining experimental result which
supports these observations and the result will be presented at the conference. We note that
this type of strategy for high repetirion operation does not work with the normal Mach-
Zehnder type all-optical switches.

In conclusion, we have shown that ultrafast switching is possible with the
symmetric Mach-Zehnder type all-optical switch, that is not restricted by the slow relaxation
time of high efficiency incoherent nonlinearities. A switching speed as fast as 1 ps is
expected without sacrificing the high efficiency of band-filling nonlinearity. It is also
theoretically shown that a very high repetition rate exceeding hundred GHz is possible.
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QUANTUM CASCADE LASERS

F. Capasso and J. Faist

AT&T Bell Laboratories
Murray Hill, NJ 07974

The recently demonstrated quantum cascade laser is a fundamentally new semiconductor
laser.! =3 It relies on only one type of carrier (unipolar laser) and on quantum jumps of
electrons between discrete conduction band energy levels of quantum wells. As such the
wavelength can be tailored over a very wide range from the mid-ir (a few microns) to the
far-ir (~100 um) by simply varying layer thicknesses. Two types of quantum cascade
lasers will be discussed. In the original structure the relevant intersubband radiative
transition is between states centered in different neighboring wells to facilitate population
inversion, i.e. the transition is diagonal (Fig. 1). In this design, however, the width of the
luminescence transition is relatively broad (FWHM~22 meV) due to the interface
roughness since electrons traverse several heterointerfaces in the photon emission
process. As a consequence the peak gain is reduced. To circumvent this problem we
designed the structure of Fig.2 where electrons make a vertical radiative transition
essentially in the same well. This reduces considerably the width of the gain spectrum
(FWHM = 10 meV) and therefore the laser threshold current density. To prevent
electron escape in the continuum, which is greatly reduced in the case of the diagonal
transition, the superlattice of the digitally graded injector is designed to act as a Bragg
reflector for electrons in the higher excited state and to simultaneously ensure swift
electron escape from the lower states via a miniband facing the latter (Fig. 2). A crucial
feature of both structures is that the lower state of the laser transition is separated by an
optical phonon (= 30 meV) from the n = 1 state. This strongly enhances the scattering
of electrons out of the n = 2 state. The calculated time is T3; = 0.6 ps which is
considerably less than the relaxation time between the n = 3 and n = 2 state (a few ps)
thus creating the population inversion condition. Electrons can in turn tunnel out of the
n = 1 state in a subpicosecond time to prevent electron build-up.

Quantum Cascade Laser with Diagonal Transition

The AllnAs/GalnAs structure grown by MBE comprises 25 stages, each consisting of a
graded gap n-type injection layer and a three coupled-well active region, cladded by
AllnAs waveguiding layers.l”3 The undoped active region includes 0.8 nm and 3.5 nm
thick GalnAs wells separated by 3.5 nm AllnAs barriers. 3.0 nm thick AllnAs barriers
separate the active regions from the digitally graded n-type doped injectors
(~ 1017 ¢cm~3). The samples were processed into mesa etched ridge waveguides and the
laser facets were obtained by cleaving. Powers = 30 mW in pulsed operation for a
2.8 nm long device and = 6 mW for a 1.2 mm long device have been obtained at
A = 4.3 um and at a heat sink temperature ~100 K. An outstanding feature of this laser
is that the gain is much less sensitive to temperature than conventional semiconductor
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shows the high resolution spectrum.
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Inset: high-resolution spectra of the sample

above threshold.
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lasers. The temperature dependence of the threshold indicates an exponential increase
~ exp(T/Ty) with a Ty = 110 K (Fig. 3). Operating temperatures up to 125 K have
been achieved with 5 mW of power (Fig. 3). The threshold is 7.7 kA/cm? at ~110 K
and the measured slope efficiency ~50 mW/A per facet. The inset of Fig. 3 shows the
high resolution spectrum at two deferent currents. Well defined longitudinal modes are
observed. The mode spacing 2.16 cm ™" is in good agreement with the calculated one

(ZnIIJ = 2.13 cm~! with n = 3.26). The linewidth of the dominant mode is
cav
presently limited by heating effects and mode hopping during the pulse. At higher

currents an additional transverse mode emerge. The intrinsic linewidth of these lasers in
cw single mode operation is expected to be Schawlow-Townes limited, similar to atomic
lasers, without the linewidth enhancement factor typical of diode lasers.

Quantum Cascade Laser with Vertical Transition

In this structure (Fig. 2) the 25 active regions consist of a 4.5 nm GalnAs wells coupled
to a 3.6 nm well by a 2.8 nm AllnAs barrier. Tunneling injection into the active region is
through a 6.5 nm AllnAs barrier and electrons escape out of the n = 1 state through a
3.0 nm AllnAs barrier. The superlattice well and barrier thicknesses are respectively
€, = 2.1,2.1,1.6,1.7,1.3and 1.0nm and ¢, = 2.1, 1.9, 2.0, 2.3 and 2.7 nm in going
from left to right in Fig. 2. The waveguiding cladding regions are similar to those of the
diagonal transition structure. After processing, the samples were cleaved in
L.,v = 2.4 — 3 mm length bars. Current pulses of 30 ns were injected in the device
with a 20 kHz repetition rate. Fig. 4 displays the peak optical power versus drive current
obtained by focusing the light with a f/0.8 optics on a fast HgCdTe detector. The peak
optical power is ~80 mW at 80 K. The measured slope efficiency is 300 mW/A per facet
and essentially temperature 1nde;2)endent and corresponds to a differential quantum
efficiency per period of 4.5x10™“ when corrected for the collectlon efficiency of the
apparatus. The threshold density has a value J, = 6.7 kA/cm? at 10K and 3 kA/cm?

at 100 K. The collaboration of C. Sirtori, D. L. Sivco, A. L. Hutchinson and A. Y. Cho is

gratefully acknowledged.
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Scaling of Stark-Shifted Nonlinearities in Multiple Quantum Well Structures
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Optical switching and logic devices require a large optical nonlinearity (absorptive or
refractive) per absorbed photon (or injected charge), combined with a rapid excitation recovery
time. The accumulated absorptive (or index) changes during a laser pulse are proportional to the
shorter of either the pulse duration or the excitation lifetime. Optimally the two are matched, in
which case the switching energy (power-time product) is determined primarily by the change in
absorption coefficient (or refractive index) per photogenerated carrier-pair. Any mechanism,
material or structure that will enhance the per-carrier nonlinear response is therefore of
considerable interest. Device structures (such as self-electrooptic effect devices (SEED’s), hetero
n-i-p-i’s, and piezoelectric multiple quantum wells (MQWs)) that rely on the screening of applied,
built-in or intrinsic fields are purported to have large per carrier nonlinearities primarily because
the carriers generated in a single well can escape and move to screen multiple wells. As a class,
we refer to the nonlinearities in such structures as Stark-shifted nonlinearities, since they arise
from a reduction in the quantum-confined Stark effect (QCSE) as the field is screened by the
photogenerated charge.

Here, we present the results of an extensive experimental investigation and
phenomenological theoretical treatment of the
per carrier optical nonlinearity in a number of
hetero n-i-p-i, SEED and piezoelectric MQW
structures. We have investigated how this
commonly used figure-of-merit scales with
excitonic linewidth, excitonic amplitude, electric
field and the number of wells. These studies
included the dependence of the per carrier
nonlinearity on temperature, on materials system
and on sample structure. = Moreover, they
included structures in which the electric fields
were externally applied, built-in and intrinsic.
We demonstrate that a single simple expression
will account for the scaling of the per carrier
nonlinearity with each of the stated parameters.
This expression gives us predictive capabilities
when designing new structures.

In direct contrast to nonlinearities
associated with saturation (or bleaching), a true
per-carrier nonlinear cross section cannot be

A defined  for  Stark-shifted  nonlinearities.
FIG. 1. (a) Change in absorption coefficient, and However, under a restricted set of conditions

(b) the per-carrier change in absorption coefficient, (analogous to those necessary for defining a
Aa/N, for a Stark-shifted nonlinearity.

Aa

Aa/N
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bleaching cross section), a useful per carrier figure of merit, 6q, can be defined for Stark-shifting
nonlinearities that obeys very simple scaling rules, as we shall demonstrate. The conditions
necessary for defining G., are that the photo-generated space-charge field must be small compared
to the perpendicular field (whether it is applied, built-in or intrinsic), that each photo-generated
carrier must escape the wells and move to screen the field, and that the area under the exciton
must remain constant (e.g., bleaching is negligible). Under these conditions, the peak amplitude
of the change in the absorption coefficient, Ao, will increase linearly with incident fluence and,
therefore, with the number density, N, of photoinjected electron-hole pairs in the well, as depicted
in Fig. 1(a). Consequently, the blue shift will be small, and the spectra of the change in the
absorption coefficient per carrier, Aa/N, will have a constant amplitude and shape, but with a zero
crossing that shifts linearly with excitation level, as shown in Fig. 1(b). It is this slight shift in the
spectra as a function of carrier density that precludes the rigorous definition of a cross section that
is constant for a given wavelength, as we do for bleaching. Nevertheless, we can still use the peak
change in absorption coefficient per carrier as a measure of the strength of the nonlinearity:

AL,
G (peak)=—9‘1{}—ﬂ. (1)

This figure of merit can be expected to obey simple empirical scaling laws, if the blue shift
of the exciton (as the result of the screening of the QCSE) is represented as a shifted Lorentzian
[1], or Gaussian [2] with amplitude o, and a halfwidth at half maximum of I',. Under conditions
for which o4 can be defined, the per carrier figure of merit will have the following form:

=+qlem0L0FE )
eh T — e r (.L)’ ()

s o

where ¢ is the fundamental charge, m is the number of quantum wells in the intrinsic region, I, is
the width of the quantum well, € is the dielectric constant of the material, E, is the perpendicular
field (before screening), and C is a constant that depends on whether the lineshape is Lorentzian
or Gaussian. The function F(E|) = E, when the shift in wavelength from the zero field
wavelength AM(Er) o< EZ, as it is in the low field limit, and F(E,) = 1 when AMEy) < E, as it is
in the high field limit [3], where Er = E, — E is the photogenerated space charge field.

The scaling of o, with number of wells and excitonic amplitude and linewidth is illustrated
in Fig. 2. For this demonstration, we measured G, in seven separate structures by using a two

T 2 T
21 O [111]1GaAs/InGaAs S 1o < [111]GaAs/InGaAs
- 100t g
5 7~
E o, 3 4 8o k<&
-+ 4 o 3
T 3 = 2
o 2 © .
= s
5 ol 3
o o S
. o 4 (b)
4 3
31‘ 2 3 456 1‘o 2 3 456 21' 2 3 456 1'0 2 3 456
Number of Wells Number of Wells

FIG. 2. (a) Measured per-carrier nonlinearity for seven separate structures at the same perpendicular electric
field, and (b) the normalized quantity, ..o/, as a function of the number of wells per intrinsic region.
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color differential transmission technique. The measurements of the unscaled 6.’s are summarized
in Fig. 2(a). All samples had approximately the same well widths and the same perpendicular
fields. These samples included GaAs/AlGaAs hetero n-i-p-i’s with 1, 2 and 4 wells per intrinsic
region; an InGaAs/GaAs hetero n-i-p-i with 3 wells in the intrinsic region; an InGaAs/GaAs p-i-n
MQW structure with 10 wells and one with 50; and a InGaAs piezoelectric MQW p-i-n structure
grown in the [111] direction. All of the measurements were at 300 K, except for the two
indicated. Notice that the unscaled o.’s range over two decades and that they are consistently
higher for AlGaAs/GaAs than for GaAs/InGaAs. Nevertheless, all of these G’s lie on a single
straight line and are linearly proportional to the number of quantum wells per intrinsic region, as
predicted by Eq. (2), when the normalized quantity Gl 'o/0 is plotted as shown in Fig. 2(b)!
Finally, to demonstrate the scaling of

vo————r O With electric field, we measured the Ow’s

% of a [100]-oriented InGaAs/GaAs p-i-n with
o8 pLe " ] 50 wells and a [111]-oriented InGaAs/GaAs
o6 <> o< Vo ] piezoelectric p-i-n with 10 wells as a function

of in-well field. For small in-well fields, we

Genl'o/Mma, (10724 cm*)

o4 <><> | expect the shift in center wavelength to vary
- = quadratically with field [AMEr) o< EZ], and

0.2 ./ B [100]T=300K [ therefore, 0., should vary linearly with the
w O hrr1]T=80k field [i.e., F(Et) = Er]. When the normalized

%% 70 20 30 40 50 60 70 80 90 100 110 quantity el o/moy, where m is the number of
In—Well Field (kV/cm) wells being screened, is plotted as shown in

:;giixféaz:lcoieﬁ?:;?eg the normalized per-cartier i (3)  the result is a straight line in both

Y ' cases for in-well fields below ~40kV/cm. By
contrast, for large in-well fields we would expect AAM(E)) o E, and 0., should be independent of
field [i.e., F(E;) = 1]. In this regime, the normalized quantity Gl 'o/mo, should be a constant
independent of field. This is confirmed by the data in Fig. 3.

In summary, we have confirmed the validity of a simple scaling expression that allows one
to predictably adjust for changes in well number and electric field in the design of Stark-shifted
nonlinear devices, and to predictably correct for operation at other temperatures and predictably
scale for conversions between material systems. Moreover, these measurements illustrate that the
per-carrier nonlinearity can be improved by optimizing the in-well bias field and by increasing the
number of wells per intrinsic region; however, they also demonstrate that when the measured per-
carrier nonlinearities are corrected for material quality and temperature (i.e., excitonic amplitude
and linewidth) that the per-carrier response does not depend appreciably on material system or on
whether the fields are externally-applied, built-in, or intrinsic.
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We investigate the possibility of observ-
ing the transition between the localized states
and the extended states in semiconductor su-
perlattices (SL) in the presence of strong ex-
ternal ac field. i.e., the dynamic Wannier-
Stark effect [1] and by switching of superra-
diance.

Let us consider the SL in Fig. la. The
adjacent wells in this structure consist of ma-
terials with different bandgaps. This can be
achieved by varying the Al mole fractions in
Al Ga,_,As, for example. The SL parame-
ters can be controlled so that the conduction
band subbands are nearly in resonance while
the valence band energy levels are well sep-

arated (AES?Z ~ 50meV). When a strong
optical field is applied (see Fig. 1b), the en-
ergy levels become “dressed” and the ac Stark
effect moves conduction band energy level in
well 1 by (p,&)?/SE and the level in well
2 by (4eo€)2/(SE + AE, 1, — AE),) where
ley = € < To > is the dipole matrix el-
ement, & is the optical field, and 0 F is the
excitation detuning. The lower limit on de-
tuning is put upon by absorption that might
be caused by the miniband width and the line

Figure 1: Energy levels and bands in the SL
without (a) and with (b) the optical field. 2a
is the unit period of the SL.

broadening. Since AE, ;> can be large, it is
clear that the DWS shift of the level in well 2 is
substantially larger than that in well 1. Thus,
the energy level separation becomes wider
and the miniband widths are substantially re-
duced, see Fig. 1b. Considering the mini-
band dispersion relation, as shown in Fig. 2,
we see that the DWS effect results in a wider
gap at ka=7/2 and a smaller miniband effec-
tive mass. Since the conductivity across the
SL is decreased due to the optically-induced
miniband effective mass change, a practical
scheme to use this structure as an optical de-
tector/switch can be considered.

In order to detect the effective mass change,
we can apply a DC field to cause current flow
in the SL growth direction. As long as the
DC field is small enough not to cause energy
level shifts, the Drude conductivity formula
can be used. Then, the ac component of the
current can be utilized in optical detection in
a waveguide whereby the responsivity can be
expressed as

167« eT
= L ONg <1y > —V

153 k
o (Lo 1 (£>
SE  6E+AE, 1) \T
where ¢ is the fine structure constant, L(T)
is the waveguide length (thickness), V is the

interwell coupling energy, N is the density of
conduction electrons, and 7 is the momentum
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Figure 2: Miniband structure with (a) and
without (b) the optical field. Note that the
field increase the energy gap at ka = 7/2.

relaxation time. The dimensional factors en-
ter only when the light propagates along the
interface. When the L/T ratio is equal to 1000,
R can be as high as 0.1 A/W, a figure similar
to that of a photodiode. Since no light absorp-
tion is involved in the process, the DWS de-
tection scheme is suitable for nondemolition
measurement. Compared to the “virtual con-
ductivity” scheme [2], far greater responsiv-
ity can be obtained in the DWS scheme where
the energy is supplied by the DC source [3].
Compared to the quantum wire interferom-
eter method [4], the DWS device seems far
easier to implement due to the confinement
necessary in one direction and less stringent
requirement of electron coherence. Also, us-
ing a differential scheme allows substantially
reduction of the noise in this device by can-
celling out the dc component.

Recently, excitonic superradiant decay in
semiconductor quantum wells (QW) has been
studied by a number of researchers [5] and
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Figure 3: (a) Superlattice (SL) with mini-
bands of width 4V. (b) SL with Q > V. Exci-
tons are confined in well regions, but are free
to move around in the structure. (c) SL with
F # 0. Exciton are confined in a single well.

verified experimentally by fast radiative life-
times obtained in a single GaAs quantum well
(~ 10ps.) under the resonant excitation con-
ditions [6].

In this study, we investigate spontaneous
emission properties of the excitonic states in
the superlattice (SL) undergoing the Wannier-
Stark (WS) transition in the presence of exter-
nal electric field. In a SL (Fig. 3a), as the pe-
riod(barrier) increases, the Coulombic attrac-
tion energy between the electrons and holes
becomes greater than the interwell coupling
energy, V. As a result, the wannier exciton
in the z-direction becomes Frenkel excitons,
indicating that an electron and an hole are
always in the same well, but it is not known
in which one (see Fig. 3b) The oscillator
strength (OS) of the exciton then becomes
fs = Nf,4*(0) where N is the number of
periods and ¢,(0) the in-plane part of the
excitonic wavefunction. We see that there
are two enhancement factors - ¢2 due to the
formation of Wannier exciton in the parallel
plane and N due to Frenkel exciton in the z
direction.

When an electric field F' larger than V' is
applied, the exciton wavefunction gets local-
ized in one particular well, with no coherent
coupling between adjacent states. Thus, the
system can be described by N separate WS
ladder wavefunctions, The OS of each state
is firs = fo¢2(0). The total OS of N states
in the WS ladder is equal to the OS of the
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OS ratio (f/fo)

5 10 15 20 25 30 35
number of periods

Figure 4: Oscillator strength ratio (f/f,) vs.
number of periods for a barrier width of 50
A. f denotes the case where the Coulomb
attraction is considered and fj the case where
the Coulomb attraction is neglected. (a) no
external bias (b) external bias applied.

superradiant state, indicating that the absorp-
tion strength is preserved, but for each partic-
ular state the superradiance enhancement is
completely gone, thereby slowing down the
radiative decay of the WS ladder states by a
factor of V. Therefore, a sudden imposition
of a relatively weak external field can cause
large increase in the radiative lifetime of the
SL, opening the possibility of modulating the
spontaneous emission in SLs on a picosecond
scale, far more efficient than switching of the
OS in a single QW [7].

Our calculations are based on the linear
combination of 1s exciton states with a sin-
gle well basis [8] and on the tight-binding
method in the non-zero field case for the WS
ladder [9]. Fig. 4 shows the OS enhancement
ratio after the excitonic effect is considered
for both F' = 0 and F' # O cases. It is
easily seen that both longitudinal and trans-
verse excitonic components increase the OS
dramatically as a linear function of N.

In practice, the enhancement is limited by
the SL coherence length, [, which depends

on the presence of scattering mechanisms and
factors such as temperature and sample qual-
ity. Since the calculated and measured single
well decay time is ~ 20 ps. [10], the corre-
sponding value for the SL should be of the
order of Thus, aside from observing direct
modulation of spontaneous emission by elec-
tric field, the enhancement factor could pro-
vide a useful measure of the coherence length
in SL’s.
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